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ABSTRACT
Phenomic and Genetic Controls of The Drought Stress Response in Sorghum
Melissa Axelrod Lehrer
Drought, one of the most common abiotic stressors, is a result of the precipitation and
temperature fluctuations influenced by climate change. As consistent weather patterns are crucial
for the maintenance of crop yield, drought threatens food security through its impact on plant
growth and development. It is essential to ensure the quality, availability, and affordability of
grain-based products in the face of climate change due to expectations of population growth.
Therefore, shedding light on the mechanisms associated with drought tolerance is integral to
maintaining agricultural production under water-limited conditions. My dissertation work aimed
to uncover the morphological, physiological, and genetic controls of drought resistance in
Sorghum, a C4 grain crop grown for food, feed, and biofuel. In Chapter 3, two Sorghum bicolor
accessions that differ in their pre-flowering responses to drought were evaluated following longterm drought exposure across juvenile and adult vegetative stages. Findings from this work
emphasized accession-specific responses to drought, indicating that morphological/histological
and physiological strategies both play roles in promoting hydraulic safety in response to drought,
and these mechanisms may be mutually exclusive. Chapter 4 expanded upon the findings of
Chapter 3 by uncovering the evolutionary origins of the morphological and physiological
responses associated with drought exposure. Using quantitative trait loci (QTL) mapping in a
Sorghum recombinant inbred line (RIL) population, eight QTL unique for drought exposure were
detected. S. bicolor alleles controlled reductions in height and enhanced aboveground biomass,
emphasizing the impact of grain Sorghum varieties (i.e. TX7000) on drought-responsive
phenotypes. These biological impacts may be influenced by the candidate genes with these QTL,
specifically those involved in reproductive processes. These gene products facilitate grain
production and may promote early flowering, a common drought escape mechanism that
influences the transition into reproduction before stress becomes too severe. Physiologically, S.
bicolor alleles increased leaf temperature while Sorghum propinquum alleles increased relative
water content; these species-specific strategies reflect their variable belowground growth and
impact of domestication on drought-responsive phenotypes. The QTL detected for relative water
content and leaf temperature contained genes involved in auxin and abscisic acid (ABA)
synthesis and signaling. In addition to playing roles in root development and water uptake,
phytohormones can also affect aboveground responses, such as growth and stomatal closure.
Therefore, our findings highlight the contribution of plant hormones to root-to-shoot
communication and water uptake and loss through both above- and belowground strategies. The
relationship between above- and belowground responses and hormone signaling was explored
further in Chapter 5. Using the same Sorghum RIL population, five QTL for belowground
responses to drought exposure were identified. Three of these QTL co-localized on chromosome
four and with a root biomass QTL detected in this same population evaluated under salinity

architecture is reorganized under osmotic stress by the domesticated parent to favor vertical
growth while also increasing root biomass, suggesting a main goal of enhanced water uptake in
the osmotic stress response. Candidate genes within these QTL were associated with root
development and hormone synthesis/recognition, contributing additional support to the allelic
effects described in this work, as well as to the role of water acquisition described in Chapter 4.
Genes within the two remaining QTL detected in the drought population were also involved in
plant hormone responses, specifically abscisic acid (ABA). Genes encoding pentatricopeptide
repeat (PPR)-containing proteins and Late Embryogenesis Abundant- like (LEA) proteins were
identified in these regions. PPR’s have established roles in ABA signaling in Arabidopsis and
were also shown to be up-regulated in response to heat and drought stress in Sorghum. Further,
LEA proteins are induced upon ABA and osmotic stress exposure, and function as molecular
chaperones. Altogether, these findings further highlight the contribution of phytohormones in
drought resistance, particularly through intricate signal cascades that influence plant functioning
under drought, at the morphological, physiological, and molecular levels.
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CHAPTER 1: OVERVIEW AND OBJECTIVES
The repercussions of climate change, namely changes in temperature and precipitation, are
directly contributing to extreme weather events that affect plant growth and development
(USGCRP, 2014, Pareek et al., 2020). Specifically, drought and heat waves impact water
availability by reducing rainfall and increasing evaporation, negatively affecting crop yield
(USGCRP, 2014, Lesk et al., 2021). As global agriculture depends on consistent plant responses
to maintain yield during the growing season (Kukal and Irmak, 2018), it is crucial to adjust our
knowledge of plant responses to a changing climate to ensure future food availability. However,
maintaining and enhancing the producibility of grain-based products in the face of climate
change is becoming more challenging due to population growth, which is expected to increase to
nearly 10 billion by 2050 (Population Reference Bureau, 2018). In order to mitigate the effects
of drought on plant growth and yield while also securing future food requirements, it is critical to
refine our current understanding of plant responses to and consequences of drought exposure
over developmental time.
The purpose of my dissertation work is to quantify the drought response at the whole plant
(morphological, physiological, and histological) and genetic levels. I have researched three
specific aims to evaluate plant responses to short-term and long-term drought exposure, using
Sorghum as a model system.
Specific Aim 1 – Determine the morphological, histological, and physiological strategies
employed in response to repeated and prolonged drought exposure in sensitive and tolerant
genotypes of Sorghum bicolor. Although numerous studies have described the short-term
impacts of drought stress on S. bicolor, less is known about the drought response over the long
term. In this study, I identified changes to morphological, histological, and physiological traits in
response to repeated and prolonged drought exposure and determined if utilization of these
mechanisms was mutually exclusive.
Specific Aims 2 and 3 – Identify genetic controls of drought-responsive shifts in aboveground
morphology and physiology (Aim 2) and root system architecture (Aim 3) in a Sorghum
recombinant inbred line (RIL) population via quantitative trait loci (QTL) mapping. Using a
RIL population, generated via a cross between wild and weedy Sorghum propinquum and
domesticated Sorghum bicolor, several QTL corresponding with drought-responsive shifts in
above- and belowground phenotypes were identified. Further, allelic control of these traits and
putative genes within these regions, which may play a role in drought tolerance, were uncovered.
The findings of my dissertation work will build upon the current definition of drought tolerance
in grain crops by uncovering the involvement of accession- and species-specific strategies in
drought resistance. Once elucidated, this knowledge can be used to ensure the future quality,
affordability, and availability of grain-based products in the face of climate change and
population growth.
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CHAPTER 2: INTRODUCTION
Causes of Drought and its Impacts on Resource Availability
Drought conditions have both climatic and anthropogenic origins (Dai, 2011, NRDC, 2018).
Regardless of the source, drought negatively impacts plant productivity and can reduce crop
yield by 20-70% (Gupta et al., 2020). A natural source of drought includes changes in weather
patterns, such as fluctuations in temperature and rainfall (NRDC, 2018). Increases in surface
temperature are influenced by the accumulation of greenhouse gasses in the atmosphere, which
induce evaporation of moisture from the environment. Greenhouse gas accumulation also results
in increased evapotranspiration in plants, leading to excess water loss (Dai, 2011, NRDC, 2018).
Increases in temperature can also impact the distribution of rainfall. These temperature
fluctuations can alter air circulation and disturb global rainfall patterns (NRDC, 2018). Such
climatic perturbations severely impact plant growth, development, and overall yield, especially
when crops are rainfed (Turral et al., 2011, Gupta et al., 2020). Human-induced drought is a
direct result of practices like irrigation and water extraction from groundwater and lakes, which
is then stored in reservoirs. Although thought to combat drought, these practices diminish
available water from natural sources; further, the water stored in reservoirs is susceptible to
evaporation due to increased global temperatures (Van Loon et al., 2016, USGCRP, 2017).
The intensity and duration of drought has major effects on agricultural production (Datta, 2004;
Dai, 2011; Fracasso et al., 2016a). Indeed, it has been shown that inconsistent growing
conditions impede plant growth and development (Xu et al., 2010). Given that the major cereal
crops maize, wheat, rice, barley, and sorghum provide approximately 50% of the globally
consumed protein, it is imperative to identify drought tolerant genotypes that can maintain
growth parameters, and consequently grain yield, under arid conditions (Daryanto et al., 2016,
Gupta et al., 2020). Moreover, the global population is expected to increase to 10 billion by
2050. Thus, securing future grain-based food needs in the face of climate change will be an
additional obstacle but a crucial need (Yordanov et al., 2000, Barnabas et al., 2008, Qadir et al.,
2015, Zhu, 2016, Population Reference Bureau, 2018, Gupta et al., 2020).
Phenotypic and Molecular Responses to Drought
Morphological Responses
Belowground, plant root system architecture (RSA) can undergo morphological changes to
enhance water uptake (Ndlovu et al., 2021). Changes in root length, diameter, and angle all
impact the efficiency of water uptake. Longer root systems with narrow angles are more
effective at capturing moisture from deep soil layers, while root systems with wider angles are
preferred for collecting moisture from the soil’s surface (Ali et al., 2009, Redillas et al., 2012,
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Borrell et al., 2014, Singh et al., 2014, Uga et al., 2013, Uga et al., 2015, Liang et al., 2017,
Dinneny, 2019, Ndlovu et al., 2021). Further, Sorghum genotypes with long and thin roots
displayed improved water uptake compared to those with short and wide root systems (Blum,
2005; Prasad et al., 2021). These findings suggest that drought-responsive adjustments to root
length and biomass are negatively correlated, further demonstrating the crucial role of enhanced
root length instead of root biomass under drought conditions.
While vertical belowground growth is favored in drought conditions, aboveground growth is
often diminished. Reductions in height, leaf area and length, and aboveground biomass are
associated with the drought response (Johnson et al., 2014). Leaf-related strategies, such as
curling/rolling and wilting, aid in reducing water loss via transpiration, but can decrease
photosynthetic capacity (Johnson et al., 2014, Liu et al., 2014, Zhang et al., 2015, Ndlovu et al.,
2021). Drought-responsive reductions in aboveground growth can have impacts on fertilization
and grain yield, a likely result of decreases in photosynthetic traits (Clauw et al., 2015, Goche et
al., 2020). Further, assimilate partitioning belowground, which enhances root traits and water
acquisition, can also negatively impact aboveground growth due to resource allocation to the
roots (Ali et al., 2009).
Physiological Responses
Plants initiate a variety of physiological and biochemical pathways in response to drought, such
as phytohormone signaling, osmotic adjustment, and transpirational/photosynthetic alterations.
Overall, these responses work to restrict plant growth, maintain cell turgor, and adjust
transpirational water loss. An example is the biosynthesis of abscisic acid (ABA), a major player
in the drought response. The intricate signal cascades initiated through ABA’s biosynthesis can
reduce leaf growth, trigger stomatal closure, and induce the expression of drought-responsive
genes (Kalladan et al., 2017, Kundu and Gantait, 2017, McAdam and Brodribb, 2018, Goche et
al., 2020). Altogether, these mechanisms work to partition assimilates belowground to assist in
root elongation and aid in diminishing transpirational water loss (Tuberosa, 2012, Kundu and
Gantait, 2017).
An additional example of a physiological response to drought is osmotic adjustment (OA). This
process increases cellular solutes, which lowers osmotic potential and works to maintain cell
turgor (Girma and Krieg, 1992, Tuberosa, 2012). These solutes, called osmolytes, can amass in
both the roots and shoots, but their accumulation in these tissues serves different purposes
(Ndlovu et al., 2021). As described in Blum (2005) and Ogawa and Yamauchi (2006), OA was
found to be strongly related to deep root systems in Sorghum. These findings indicate that OA in
the roots maintains turgor to encourage root growth, allowing for the exploration of moisture in
deeper soil layers (Ogawa and Yamauchi, 2006). OA in the shoots acts to prevent wilting and
maintain relative water content and stomatal conductance (Turner and Jones, 1980, Blum, 2017).
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Although the accumulation of compatible solutes/osmolytes is advantageous, some plants tend to
show decreased growth due to the metabolic requirements needed to maintain osmotic potential
(Palta et al., 2007, Tuberosa, 2012).
Alterations in photosynthetic and water management strategies are also associated with the
drought response, and include stomatal closure (Marcinska et al., 2012, Buckley, 2019). Stomata
are more likely to close at midday, when the vapor pressure deficit (VPD) is highest (Chaves et
al., 2016). In drought stressed plants, stomata may open only in the early morning, when
temperatures are cooler, before VPD becomes too high (Chaves et al., 2016). This action protects
the tissue water status of the plant, ultimately preventing major water loss via transpiration; this
action can also be measured via changes in leaf temperature. Although stomatal closure prevents
transpirational water loss, this mechanism diminishes CO 2 availability, impacting
photosynthesis, plant growth, and grain yield (Marcinska et al., 2012, Rodrigues et al., 2019).
Non-stomatal changes that reduce photosynthetic rate include decreased chlorophyll content,
which reduces the capacity for light harvesting and disrupts assimilate synthesis and transport
(Marcinska et al., 2012, Fracasso et al., 2016b).
In addition, modifications to the vasculature can impact a plant’s water status. Focusing
specifically on the xylem, alterations to vessel size can influence water uptake and flow
throughout the transpiration stream (Tyree and Ewers, 1991, Loviloso and Schubert, 1998). For
example, as observed in Loviloso and Schubert (1998), xylem vessel diameter of grapevine was
reduced in response to drought, and this corresponded with reductions in xylem hydraulic
conductivity (Loviloso and Schubert, 1998). Similar responses have been observed in maize
(Klein et al., 2020). In addition to reduced hydraulic conductivity, decreased vessel size lowers
the risk of xylem cavitation/embolism and conserves water, both of which are advantageous
under drought conditions (Reeger et al., 2021). In combination with xylem size/area, changes to
vessel number can also impact water uptake (Tyree and Ewers, 1991).
Genomic and Genetic Responses
Water stress and ABA are both involved in inducing the expression of drought-responsive genes
(Krupa et al., 2017). Although these are the main factors driving gene expression, other work has
acknowledged that both ABA-dependent and ABA-independent signal transduction pathways
exist (Krupa et al., 2017). These pathways ultimately influence the relationship between drought
stress signaling and the expression of drought-responsive genes (Krupa et al., 2017). Further, as
observed by Shinozaki et al. (2007), the timing surrounding the expression of drought-responsive
genes can vary. As such, drought-induced genes are categorized into two main groups: 1) genes
that code for stress tolerance proteins, and 2) those involved in signal transduction and the
expression of drought-responsive genes (Shinozaki et al., 2007).
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Quantitative trait loci (QTL) for known drought-responsive phenotypes have been identified in
Sorghum, allowing for the discovery of putative genes involved in drought tolerance. As
summarized in Abreha et al., (2022), QTL for staygreen chlorophyll content, leaf number and
area, grain yield, transpiration, root traits, etc. have been identified in various Sorghum
populations. As the drought response, particularly at the molecular level, is quite intricate, it is to
be expected that some of these traits are controlled by multiple genes (Abreha et al., 2022). For
example, some of the staygreen QTL, of which there are four (Stg1-4), contain genes coding for
heat shock proteins and ABA, both of which are integral to the drought (and heat) stress response
(Xu et al., 2000). The staygreen trait in Sorghum is associated with maintained leaf greenness
during grain filling, particularly under water limitation (Borrell et al., 2014). Therefore, it is
logical that the three chlorophyll content loci (Chl1-3) mapped by Xu et al. (2000) coincide with
the map positions of Stg1-4 (Krupa et al., 2017).
Using RNA-Seq, Abdel-Ghany et al. (2020) exposed drought resistant and susceptible Sorghum
genotypes to PEG-induced drought stress and identified changes in gene expression in response
to short term (1 hour post treatment) and long term (6 hours post treatment) exposure. The
functional categories for the up- and down-regulated genes were provided for all genotypes and
treatments. Enriched functional categories for the up-regulated genes for the drought resistant
genotypes included: stress (biotic), protein degradation, transcription factor, development,
stress/abiotic, and hormone metabolism (Abdel-Ghany et al., 2020). Similarly, Johnson et al.
(2014) identified the enrichment of gene ontology terms relating to stress, specifically water
deprivation. Up-regulated genes included those encoding the biosynthesis of ABA, Late
Embryogenesis Abundant (LEA) proteins, which fall under the “development” category
described in Abdel-Ghany et al., (2020), and P5CS2, which is involved in the metabolism of
proline and plays a role in osmotic adjustment (Johnson et al., 2014).
Sorghum as a Model
Sorghum bicolor, a C4 grain crop grown for food, feed, and biofuel, is considered to be tolerant
to a variety of environmental stressors, including drought (Bibi et al., 2012, Abdel-Ghany et al.,
2020). Sorghum is one of the top five grain crops cultivated worldwide and is used as a primary
food source in developing countries, many of which are most affected by climate change
(Fracasso et al., 2016a). Since Sorghum was domesticated in Africa approximately 8000 years
ago, its adaptation to arid environments suggests that drought tolerance was acquired during
domestication (Fracasso et al., 2016b, Winchell et al., 2017, Henderson et al., 2020). Therefore,
Sorghum is an excellent model system for elucidating the mechanisms underlying drought
tolerance (Fracasso et al., 2016b). Further, the genetic variability among Sorghum
genotypes/accessions, its small diploid genome, and close relationship to Zea mays make it an
ideal model to identify and more clearly define the genetic mechanisms of drought tolerance in
related grasses (Swigonova et al., 2004, Qadir et al., 2015, Fracasso et al., 2016b). Deepening
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our knowledge on the phenotypic and molecular underpinnings of the drought response will aid
in improving crop cultivation under climate change. Therefore, expanding upon and refining this
foundational understanding will secure future food needs, both for Sorghum as well as other
grain-based products.
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CHAPTER 3: REPEATED AND PROLONGED DROUGHT EXPOSURE REVEALS
CONTRASTING WATER MANAGEMENT STRATEGIES USED BY TOLERANT AND
SENSITIVE GENOTYPES OF SORGHUM BICOLOR
An original research article in preparation for submission to Plant, Cell, and Environment
Melissa A. Lehrer and Jennifer S. Hawkins
Abstract
Climate change-induced variations in temperature and precipitation negatively impact plant
growth and development. To ensure future food quality and availability, a critical need exists to
identify morphological, histological, and physiological responses that confer drought tolerance,
especially in agronomically important grain crops. In this study, two Sorghum bicolor accessions
that differ in their pre-flowering responses to drought were exposed to cycles of drought and
rewatering. Morphological, histological, and physiological traits were measured across both
juvenile and adult developmental stages. Our findings suggest that the induction of stomatal
closure works to prevent hydraulic damage under drought conditions, particularly when growthrelated and metaxylem adjustments are unable to compensate for this hydraulic risk. Our results
demonstrate that morphological, histological, and physiological traits may work independently
over developmental stages to achieve a similar goal of regulating transpirational water loss and
reducing xylem embolism risk. This work enhances our understanding of drought-responsive
water management strategies in grain crops.

Keywords: Sorghum bicolor, drought, plant morphology, water regulation, xylem
embolism, stomatal closure, hydraulic damage
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Introduction
Drought is one of the main environmental constraints limiting crop yield, resulting in a 20-70%
decrease in agricultural production (Datta, 2004, Dai, 2011, Fracasso et al., 2016). Due to its
unpredictability and overall impact on plant growth and development, drought is a major threat
to global food quality, availability, and affordability (Yordanov et al., 2000, Barnabas et al.,
2007, Qadir et al., 2015, Zhu, 2016). As climate change-induced drought is predicted to become
more frequent, in conjunction with rising temperatures, it is imperative to identify the
mechanisms that enhance plant resistance to water-limited conditions (Pachauri, 2015, Daryanto
et al., 2016).
The morphological and physiological responses to drought stress in plants have been well
characterized (Flower et al., 1990, Blum, 1996, Tunistra et al., 1997, Chaves and Oliveira, 2004,
Moussa and Abdel-Aziz, 2008, Ochieng et al., 2021). Drought-responsive shifts include
reductions in height, leaf area, and aboveground biomass, which collectively work to partition
assimilates belowground, minimize water loss via transpiration, and/or impact hydraulic
conductance (Johnson et al., 2014, Liu et al., 2014, Zhang et al., 2015, Olson et al., 2018).
Belowground, changes in root length and/or angle enhance water acquisition from deeper soil
layers (Ali et al., 2009, Singh et al., 2010, Redillas et al., 2012, Borrell et al., 2014).
Much of the published work in agriculturally important crop plants focuses on plants exposed to
short periods of drought in greenhouse settings (Machado and Paulsen, 2001, Munamava and
Riddock, 2001, Moussa and Abdel-Aziz, 2008, Aslam et al., 2015, Akman et al., 2020,
Drobnitch et al., 2021). In practice, however, individual plants can experience short periods of
drought and intermittent rainfall and/or prolonged periods of drought throughout an entire
growing season (Godwin and Farrona, 2020). In order to more holistically define drought
tolerance, the responses to and consequences of long-term drought exposure over developmental
time require elucidation.
The major cereal crops maize, wheat, rice, barley, and sorghum provide between 25-50% of the
global food energy derived from plants, and more than 50% of the calories consumed worldwide
come directly from cereal grains (International Development Research Center, 2010, Awika,
2011). Sorghum is a staple C4 grain crop grown for food, animal feed, and biofuel. Due to its
domestication in arid environments, Sorghum is considered to be drought tolerant. Therefore, it
is an ideal model organism to study the drought responsive mechanisms in an agriculturally and
economically important grain crop. In this study, two Sorghum bicolor accessions that vary in
their pre- and post-flowering responses to drought were exposed to repeated and prolonged
drought exposure throughout early and late vegetative stages (Premachandra et al., 1993).
Morphological and physiological traits were measured during the drought and recovery phases,
while vasculature traits were measured at the end of the study. We hypothesized that
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maintenance of morphological, histological, and physiological traits near control levels would be
observed in the pre-flowering, drought tolerant accession, TX7078. Conversely, reductions in
morphological and histological traits and significant fluctuations of physiological features were
expected to occur in the pre-flowering, drought sensitive accession, BTx642.
Methods and Materials
Experimental Design
Two accessions of Sorghum bicolor, TX7078 (PI 655990) and BTx642 (formerly B35, PI
656029), described as pre- and post-flowering drought tolerant, respectively (Premachandra et
al., 1993) were obtained from the USDA Germplasm Resources Information Network (GRIN).
Seventy-two replicates of each accession were germinated in 5 cm x 5 cm x 5 cm planting plugs
in Premier Pro-Mix BX MYCO soil (Premier Tech Horticulture, Quakertown, PA, USA).
Conditions during germination were as follows: 21°C, 75% humidity, and 4.5 vapor pressure
deficit; seedlings were misted with tap water during germination. Once all plants reached the
two-leaf stage (twenty-three days post sowing), seedlings were transplanted into 5 cm x 5 cm x
25 cm tree pots (Stuewe and Sons, Tangent, OR, USA) in a 3:1 combination of #4 silica sand
and Premier Pro-Mix BX MYCO soil. Conditions of the greenhouse room were: 27°C/23°C
(day/night), 16 hours of natural and/or supplemental light, and 25% humidity. Following
transplant, seedlings were watered with tap water every day for one week. Plants were treated
once during this establishment period with 80 ppm of 20-20-20 N-P-K (Jack’s Classic Water
Soluble Fertilizer, Allentown, PA, USA).
Following the establishment period, all seedlings were watered to 100% water content (WC), as
measured with a pre-calibrated SM150 Soil Moisture Sensor (Dynamax, Houston, TX, USA).
Controls were watered every day to every other day throughout the study. Drought stressed (DS)
plants were allowed to dry to 0% WC and remained at this level for two days; water content was
assessed every other day until 0% was reached. Upon completion of the treatment, DS plants
were watered to 100% WC; this watering regime was repeated one, two, four, and six times
(referred to henceforth as cycles) to mimic periods of drought with intermittent rainfall.
Following rewatering, all plants were fertilized with 80 ppm of 20-20-20 N-P-K (Jack’s Classic
Water Soluble Fertilizer, Allentown, PA, USA).
Phenotypic Measurements
The following measurements were recorded at the end of each collection cycle, on all replicates,
prior to rewatering: height (cm), culm diameter (mm), and width (at the widest point) and length
of the third newest fully expanded leaf (mm). Temperature of the third newest fully expanded
leaf (°C) was measured on the replicates collected for destructive harvest (Table 1). Height was
measured from the base of the plant to the tip of the tallest leaf. Culm diameter was measured
with calipers between the base of the plant and first internode. Leaf temperature, a proxy for
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transpirational cooling, was measured in the center of each leaf immediately before watering (i.e.
pre-watering) and five minutes, thirty minutes, and six hours post-watering using the FLIR
TG165 Imaging Infrared Thermometer and Thermal Camera with an emissivity setting of 0.95
(Pandya et al., 2013). Twelve replicates per treatment group for each accession were harvested at
the end of each cycle to measure total aboveground biomass (g) and root biomass (g) (Table 1).
All biomass measurements were performed on plant tissue that was dried at 65°C for a minimum
of 72 hours.
Histological Analysis
Stem tissue between the base of the plant and first internode was collected from both accessions
and treatment groups at 318 days post sowing and stored in 50% ethanol at 4°C. The day of
imaging, stems were hand cut with a razor blade, submerged in dH 2O for three minutes, and
stained with 0.025% toluidine blue (Carolina Biological Supply Company, Burlington, NC,
USA) for five minutes. Cross sections were de-stained with dH2O until the water ran clear. Cross
sections were mounted in 50% glycerol and imaged at 10X on a compound Zeiss Observer.Z1
microscope with an Axiocam 503 Color Camera. Metaxylem diameter was measured in both the
vertical (major) and horizontal (minor) axes in ImageJ; these values were used to calculate area
of the metaxylem, using the following formula:
1

1

Metaxylem Area (𝜇m2) = 𝜋 ∗ (2 𝐴) ∗ (2 𝐵)
where A is the diameter of the major axis of the metaxylem, and B is the diameter of the minor
axis of the metaxylem.
In order to determine vascular bundle number per culm area, the number of vascular bundles
were counted from each collected image (i.e. number of bundles per 0.6 mm2, a minimum of 10
images per biological replicate). Next, the diameter of each stem cross section was determined;
this value was used to calculate the area of the stem cross section (Area = 𝜋r2, where r is equal to
the radius). Lastly, the following formula was used to calculate the number of vascular bundles
per culm:
No. of Vascular Bundles Per Culm = ((No. of Vascular Bundles Per Image) * (Culm Area,
mm2)/(0.6 mm2))
Statistical Analysis
Non-metric multidimensional scaling (NMDS) using Bray-Curtis dissimilarity and analysis of
similarity (ANOSIM) were performed in R (Version 2.5-6, vegan package, Oksanen et al., 2019)
to identify overall treatment effects (parameters: R statistics close to 1, significance value < 0.05,
stress value < 0.2, k = 2) after each cycle for both accessions.
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Normality of the data was assessed in SAS JMP (version 14.3) via a Shapiro-Wilk Test (p >
0.05, W close to 1). Data that were not normally distributed were transformed as necessary, and
these transformed values were used in downstream analyses. If data could not be normalized, a
non-parametric analysis (Kruskal-Wallis Test by Ranks) was used to identify treatment effects
(stats package; R Version 4.1.0, R Core Team, 2013). Otherwise, one-way analysis of variance
(ANOVA) was performed on normalized data in SAS JMP to identify treatment effects (version
14.3). Significance was assessed at alpha = 0.05.
To identify and compare accession-specific effects for each phenotype (i.e. accession effects),
the percent change from control for each phenotypic measurement was determined for both
accessions, using the following formula:
Percent Change = ((DS Value - Control Average )/(Control Average)) x 100
where Control Average refers to the average of all control values for a particular phenotypic
measurement, and DS Value refers to an individual value from each drought stressed replicate
for a particular phenotype. These percent change values were evaluated via one-way ANOVA or
Kruskal-Wallis Test by Ranks, with the same parameters as described above, to uncover
accession-specific responses for each phenotype across cycles. All boxplots (Supplementary
Figures S6A-E) were generated using ggplot2 (version 3.3.5, Wickham, 2016).
Results
Clustering of morphological and physiological traits in the NMDS ordination, for both
accessions and across all cycles, indicate a reduction in plant performance over developmental
time in response to drought conditions (Supplementary Figures S1 and S2).
Morphological and Physiological Parameters
Plant Height
Plant height was reduced in response to drought in both accessions (Figure 1, Supplementary
Figures 3A and 3B). These reductions were significantly greater in BTx642 compared to
TX7078 after one (p < 0.0001), four (p = 0.0006), and six (p < 0.0001) cycles; there was an
equal decrease in height between accessions after two cycles (p = 0.6209). Overall, TX7078
maintained a height more similar to controls compared to BTx642 across nearly all measured
time points.
Culm Diameter
Reductions in culm diameter (Supplementary Figures 4A and 4B) were observed in both
accessions after all cycles. Relative to controls, culm diameter was reduced in TX7078 by 4.9%,
23.2%, 35.6% and 16.2% and in BTx642 by 14.1%, 17.5%, 47.3%, and 31.48% after one, two,
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four, and six cycles of drought, respectively. Culm diameter of TX7078 was maintained nearer to
control levels compared to BTx642 after one (p = 0.0010), four (p = 0.0008), and six (p <
0.0001) cycles of drought; however, this trait was more greatly reduced in TX7078 compared to
BTx642 after two cycles (p = 0.0231) (Figure 2).
Leaf Temperature
After one cycle of drought, leaf temperature increases were observed in both TX7078 (Figure
3A) and BTx642 (Figure 4A) prior to watering, at the peak of drought stress (p = 0.0066; p =
0.0430). At all post-watering timepoints, there were no significant differences in leaf temperature
between control and treatment groups for TX7078 (p > 0.05, Figure 3A). Maintenance of leaf
temperature at control levels was observed at both five minutes and thirty minutes post-watering
in BTx642; however, leaf temperature in this accession was significantly higher than control
plants after six hours post-watering (p = 0.0107, Figure 4A).
After two cycles of drought, there were no significant differences in leaf temperature between
control and treatment groups at any time point for TX7078 (p > 0.05) (Figure 3B). However,
leaf temperature of BTx642 was elevated in treatment plants prior to watering (p = 0.0016) and
thirty minutes post-watering (p = 0.0121). There were no significant differences in leaf
temperature five minutes and six hours post-watering (p > 0.05) (Figure 4B).
After four cycles of drought, maintenance of leaf temperature at control levels was observed in
TX7078 at all time points except for six hours post-watering (p = 0.0140, Figure 3C). An
elevated leaf temperature was observed for BTx642 only at the pre-watering measurement (p =
0.0026); leaf temperature was then maintained at control levels at five minutes, thirty minutes,
and six hours post-watering (p > 0.05; Figure 4C).
After six cycles of drought, increases in leaf temperature at pre-watering (p < 0.0001), as well as
at thirty minutes (p = 0.0018) and six hours (p = 0.0234) post-watering were observed in
TX7078; leaf temperature was only maintained at control levels at the five minutes post-watering
time point in this accession (p > 0.05) (Figure 3D). Leaf temperature trends were the same for
BTx642 (pre-watering: p = 0.0007; five minutes post-watering: p > 0.05; thirty minutes postwatering: p = 0.0232; six hours post-watering: p = 0.0051, Figure 4D).
Metaxylem Area and Vascular Bundle Number
Metaxylem area was reduced in both accessions in response to repeated and prolonged drought
exposure (Supplementary Figures 5A and 5B); however, there were no accession-specific
differences in this trait (Figure 5A, p = 0.696). In contrast, the number of vascular bundles per
culm decreased by 29% in TX7078 in response to drought, while this trait was unchanged in
response to drought in BTx642 (Supplementary Figures 6A and 6B, Figure 5B).
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Biomass-Related Parameters
Measured Leaf Area
After one cycle, measured leaf area was reduced by 8.9% and 30.8% in TX7078 and BTx642,
respectively (p < 0.0001). A similar trend was observed after six cycles, where the reduction in
measured leaf area was greater in BTx642 at 41.3% compared to TX7078 at 21.4% (p = 0.0046).
There was an equal decrease in measured leaf area between accessions after two (p = 0.4448)
and four (p = 0.2696) cycles (Figure 6). Overall, TX7078 was better able to maintain this trait
nearer to control levels compared to BTx642 (Supplementary Figures 7A and 7B).
Aboveground Biomass
Aboveground biomass was reduced in response to drought in both accessions after all cycles
(treatment, p < 0.05; Supplementary Figures 8A and 8B), and there was an equal change in this
trait from control between accessions across all cycles (accession, p > 0.05; Figure 7).
Belowground Biomass
After one and two cycles of drought, maintenance of belowground biomass at control levels was
observed in TX7078 and BTx642; however, after six cycles, belowground biomass was
significantly reduced in both accessions (Supplementary Figures 9A and 9B). Overall, there
was an equal change from control in belowground biomass between accessions across all cycles
(p > 0.05; Figure 8)
Root-to-Shoot Ratio
Increases in the root-to-shoot ratio (Supplementary Figure 10A) were observed in TX7078
after one (p = 0.0004) and two cycles (p = 0.0405); however, this trait was reduced following six
cycles of drought (p < 0.0001). The same trend was observed in BTx642 (one cycle, p = 0.0003,
two cycles, p=0.0500, six cycles, p<0.0001) (Supplementary Figure 10B). Given these
identical trends, there was an equal change from control between accessions after one (p =
0.0698), two (p = 0.6438), and six cycles (p=0.7037) (Figure 9).
Discussion
Aboveground and Belowground Biomass are Unreliable Indicators of Drought Tolerance
Despite the greater drought-responsive reductions in height and culm diameter in BTx642
(Figure 1), there was an equal change in aboveground biomass between accessions across all
cycles (Figure 7). When merging these findings with measured leaf area (Figure 6), measured
leaf area was reduced in BTx642 to a greater extent after one and six cycles compared to
TX7078. The findings for measured leaf area provide a potential explanation: although this trait
was not reduced in TX7078 after one and six cycles, the smaller stature of TX7078 resulted in
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comparable overall reductions in aboveground biomass in response to drought. This suggests that
aboveground biomass is a poor indicator of drought tolerance relative to leaf-specific/growthspecific traits. Similar results were found in Drobnitch et al., 2021, where the final shoot biomass
of drought tolerant and susceptible genotypes of Sorghum was not genotype specific. In addition,
belowground biomass (Figure 8) and root:shoot ratio (Figure 9) were comparably reduced in
both accessions across all cycles. As a result, these parameters are also unreliable indicators of
drought tolerance.
Stomatal Closure Reduces the Risk of Xylem Embolism
Although height and culm diameter were reduced in both accessions in response to drought
(Figures 1-2), these traits were more consistently maintained near control levels in TX7078.
Further, this accession displayed a shorter stature across nearly all cycles compared to BTx642
under both drought and control conditions (Figure S3). Although plant height and culm diameter
have been found to be major predictors of xylem vessel diameter in tree species, as described in
Olson et al. (2018), we did not find this to be the case for Sorghum. Despite the variability in
stem traits observed here, there were no accession-specific changes to metaxylem area (Figure
5A, Figures S5A, S5C), suggesting that, although stress responsive, this trait is fixed in these
Sorghum accessions. Stress-responsive decreases in metaxylem area are advantageous under
drought, particularly when balancing water uptake with transpirational water loss (Lovisolo and
Schubert, 1998). These vasculature modifications increase hydraulic resistance within the xylem,
impeding water flow within the transpiration stream and acting as a water saving mechanism in
both accessions (Boehm, 1893, Hargrave et al., 1994).
When looking further into transpirational water regulation, changes in transpiration rate prior to
and following watering was more consistently observed in BTx642 (Figure 4) compared to
TX7078 (Figure 3). Alteration of transpiration rate in BTx642 was detected either at the peak of
water scarcity (pre-watering) and/or during hotter times of the day (thirty minutes post-watering,
approximately 12 pm and/or six hours post-watering, approximately 4 pm) in response to
drought, likely to minimize stomatal water loss (Tang and Boyer, 2008). Similar control of
stomatal opening in response to drought has been observed in maize (Cochard, 2002). This tight
control of stomatal aperture, coupled with reductions in metaxylem area, is critical for BTx642.
This accession’s taller stature, and subsequently longer hydraulic path, are associated with
greater tension on water within the xylem, raising the susceptibility to cavitation events (Domec
et al., 2008, Tang and Boyer, 2008, Liu et al., 2019, Lechthaler et al., 2020). Given that wider
vessels are more susceptible to embolism, the observed reductions in metaxylem area would
ordinarily function to reduce this risk; however, this trait was equally reduced in both accessions
(Haworth et al., 2017). Thus, it is unlikely that metaxylem modifications alone were sufficient to
prevent embolism occurrence in BTx642. When this vasculature modification is coupled with
stomatal closure, embolism resistance is improved through the interruption of conductance
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between the roots and the shoots (Tang and Boyer, 2008). However, the maintenance of vascular
bundle number at control levels in BTx642 (Figure 5B, Figure S5D) ensures the availability of
usable xylem in the event that embolism formation renders some vessels non-functional (Tang
and Boyer, 2008). In contrast to these mechanisms, the morphological and histological features
of TX7078 do not require physiological adjustment and facilitate hydraulic safety. Therefore, the
maintenance of leaf temperature at control levels (Figure 3) and reduction of vascular bundle
number (Figure 5B, Figure S5B) indicate that the shorter stature and hydraulic path make
TX7078 inherently less prone to hydraulic damage compared to BTx642. Our findings highlight
the critical role of stomatal closure to both reduce transpirational water loss and the risk of xylem
embolism. This is particularly crucial when morphological and histological adjustments alone are
unable to compensate for the physiological consequences of long-term drought exposure.
Conclusions
This study demonstrated how pre-flowering drought tolerant and pre-flowering drought sensitive
Sorghum bicolor accessions use morphological and physiological mechanisms, respectively and
independently, to manage water uptake and loss over developmental time. The variable
utilization of these strategies also had major impacts on hydraulic safety. Further, our findings
illustrated how aboveground and belowground biomass alone are unreliable measures of drought
tolerance. Traits that are often inferred through aboveground biomass measurements, like plant
height, culm diameter, and leaf area, may be more reflective of drought tolerance. Further, root
system architecture may be a more informative indicator of drought tolerance as it relates to
belowground traits, such as root positioning, diameter, and angle (Liang et al., 2017, Girma et
al., 2020). Overall, the work described here delineates the morphological and physiological
contributions to hydraulic safety in response to long term drought exposure. As such, our
findings redefine drought tolerance and further specify traits to be used for crop improvement.
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Table 1: Days post sowing and leaf stage for each of the five collection cycles. Biological
replication for each destructive harvest is provided for each accession and treatment group.
Collection Days Post
Cycle
Sowing
1 Cycle
46

Leaf Stage
(Main Stem)
4-5

2 Cycles

62

6-7

4 Cycles
6 Cycles

87
108

8-9
11-13

Stem
Collection

318

13-17

Sample Size for Destructive
Harvest
TX7078 = 12 per treatment group
BTx642 = 12 per treatment group
TX7078 = 12 per treatment group
BTx642 = 12 per treatment group
N/A
TX7078 = 12 per treatment group
BTx642 = 7-12 per treatment group
TX7078 = 3per treatment group
BTx642 = 2-3 per treatment group
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Figure 1: Plant height is maintained nearer to control levels in TX7078 compared to
BTx642. Following one, four, and six cycles of drought and rewatering, height is maintained
closer to control levels in TX7078 (teal) compared to BTx642 (black). After two cycles, there is
an equal change in height from controls. The black dashed line at y=0 reflects a 0% change from
average control height. Black asterisks indicate a significant difference between accessions (p <
0.05).
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Figure 2: Culm diameter is more greatly reduced in BTx642 compared to TX7078.
Following one, four, and six cycles of drought and rewatering, culm diameter is maintained
nearer to controls in TX7078 (teal) compared to BTx642 (black), as indicated by the black
asterisk (p < 0.05). However, after two cycles, the culm diameter of BTx642 is more similar to
their respective controls compared to TX7078 (indicated by the red asterisk, p < 0.05). The black
dashed line at y=0 reflects a 0% change from average control culm diameter.
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Figure 3: Leaf temperature is more often maintained at control levels following preflowering drought exposure in TX7078. Leaf temperature of the third newest fully expanded
leaf was recorded pre-rewatering, and five minutes post-watering, thirty minutes post-watering,
and six hours post-watering following one (A), two (B), four (C), and six (D) cycles of drought.
Prior to the sixth cycle, when the reproductive stage of development was initiated, leaf
temperature was frequently maintained at control levels. Black asterisks indicate significant
differences between control and treatment groups (p < 0.05).
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Figure 4: Leaf temperature is increased at the peak of drought stress and/or during the
hottest time(s) of the day in BTx642. Leaf temperature of the third newest fully expanded leaf
was recorded pre-rewatering, and five minutes post-watering, thirty minutes post-watering, and
six hours post-watering following one (A), two (B), four (C), and six (D) cycles of drought and
rewatering. Black asterisks indicate significant differences between control and treatment groups
(p < 0.05).
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Figure 5: Metaxylem area is reduced in response to drought in both TX7078 and BTx642;
vascular bundle number is more variable. Metaxylem area (A) was equally reduced from
controls in response to drought in both S. bicolor accessions. Number of vascular bundles per
culm (B) is maintained at control levels in BTx642, but significantly reduced in TX7078
following prolonged drought exposure (p < 0.05). BTx642 = black, TX7078 = teal.
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Figure 6: Measured leaf area is more consistently maintained nearer to control levels in
TX7078 compared to BTx642. Following one and six cycles of drought and rewatering,
maintenance of measured leaf area closer to control levels is detected in TX7078 (teal) compared
to BTx642 (black). There is an equal change in this trait between accessions after two and four
cycles. The black dashed line at y=0 reflects a 0% change from average control measured leaf
area.
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Figure 7: Aboveground biomass is similarly reduced in TX7078 and BTx642 following
prolonged drought exposure. Following one, two, and six cycles of drought and rewatering,
there are no accession-specific differences in aboveground biomass between TX7078 (teal) and
BTx642 (black). The black dashed line at y=0 reflects a 0% change from average control
aboveground biomass.
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Figure 8: There are no accession-specific changes identified for belowground biomass
associated with drought exposure over developmental time. Following one, two, and six
cycles of drought and rewatering, belowground biomass is equally modified in both accessions.
The black dashed line at y=0 reflects a 0% change from average control belowground biomass.
BTx642 = black, TX7078 = teal.
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Figure 9: Root-to-shoot ratio is similarly modified following prolonged drought exposure.
Following one, two, and six cycles of drought and rewatering, there are no significant accessionspecific differences in the root-to-shoot ratio between TX7078 (teal) and BTx642 (black). The
black dashed line at y=0 reflects a 0% change from the average control root-to-shoot ratio.
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Figure S1: Non-metric multidimensional scaling across two dimensions highlights the
response of TX7078 to prolonged drought exposure. After one cycle of drought and
rewatering (A), an overall treatment effect was not observed (R=0.00432, p=0.2197). After two
(B; R=0.2609, p = 0.0001), four (C; R=0.5231, p=0.0001) and six (D; R=0.1264, p=0.0029)
cycles of drought and rewatering, treatment effects are detected in the pre-flowering drought
tolerant S. bicolor accession, TX7078.
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Figure S2: Treatment effects are detected in BTx642 via non-metric multidimensional
scaling across two dimensions. Following one (A; R=0.1573, p=0.0001), two (B; R=0.2086,
p=0.0001), four (C; R=0.5655, p=0.0001) and six (D; R=0.6099, p=0.0001) cycles of drought
and rewatering, treatment effects are observed in the pre-flowering drought sensitive S. bicolor
accession, BTx642.
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Figure S3: Plant height is reduced in both TX7078 and BTx642 following cyclical drought
exposure. After one, two, and four cycles of drought and rewatering, height was reduced in
TX7078 (A); however, height was significantly reduced after all cycles in BTx642 (B).
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Figure S4: Repeated and prolonged drought exposure reduces culm diameter in both
TX7078 and BTx642. After two, four, and six cycles of drought and rewatering, culm diameter
was reduced in TX7078; there was no significant reduction in culm diameter after one cycle (A).
Culm diameter was reduced in BTx642 after all cycles (B).
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Figure S5: Prolonged drought exposure reduces metaxylem area in TX7078 and BTx642
but variably impacts vascular bundle number. Following cyclical drought exposure,
reductions in metaxyelm area were detected in both TX7078 (A) and BTx642 (C). However,
reductions in vascular bundle number per culm area were observed in TX7078 (C) following
drought exposure; this trait was maintained at control levels in BTx642 (D), as there was no
detected treatment effect. These parameters were measured at the end of the study, 318 days post
sowing.
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Figure S6: Prolonged drought exposure reduces measured leaf area in both TX7078 and
BTx642. After two, four, and six cycles of drought and rewatering, measured leaf area was
reduced in TX7078; there was no significant reduction after one cycle (A). Measured leaf area
was reduced in BTx642 after all cycles (B).
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Figure S7: Prolonged drought exposure reduces aboveground biomass in both TX7078 and
BTx642. After all cycles of drought and rewatering, reductions in aboveground biomass were
observed in both accessions; TX7078, A and BTx642, B.
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Figure S8: Belowground biomass is minimally impacted during early drought exposure in
both accessions. Belowground biomass was maintained at control levels in both accessions
following one and two cycles of drought and rewatering. However, after six cycles, this trait was
significantly reduced in both accessions. TX7078, A and BTx642, B.
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Figure S9: Root-to-Shoot ratio is enhanced and then reduced in response to prolonged
drought exposure in TX7078 and BTx642. After one and two cycles of drought and
rewatering, root-to-shoot ratio increased in response to drought in both TX708 (A) and BTx642
(B); after six cycles this parameter is reduced in both accessions.
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CHAPTER 4: ALLELIC CONTROLS OF THE DROUGHT RESPONSE REVEALED
VIA QTL MAPPING IN A SORGHUM RECOMBINANT INBRED LINE POPULATION
Melissa A. Lehrer, Rajanikanth Govindarajulu, Farren Smith, and Jennifer S. Hawkins
Abstract
Drought stress severely impedes plant growth, development, and yield. Therefore, it is critical to
uncover the genetic mechanisms underlying morphological and physiological drought tolerance
strategies to ensure future food security. To identify these genetic controls in Sorghum, an
agriculturally and economically important grain crop, an interspecific recombinant inbred line
(RIL) population was established by crossing a drought-tolerant inbred line of Sorghum bicolor
(TX7000) with its wild, weedy, and drought-sensitive relative, Sorghum propinquum. This RIL
population was evaluated under drought conditions, allowing for the identification of quantitative
trait loci (QTL) contributing to drought resistance. We detected eight QTL specific to the
drought population. The genes within these regions emphasized the role of: 1) hormone synthesis
and signaling in above- and belowground tissues, and 2) the impact of grain Sorghum varieties
on drought-responsive phenotypes, such as short stature and maintenance of aboveground
biomass. Overall, the genetic controls uncovered in this work shed light on the interconnected
roles of above- and belowground responses in drought resistance as it relates to the balance of
water uptake and loss. Further, the detected allelic effects demonstrate how, under drought, the
economically important component of cereals (i.e. the grain) is preferentially preserved.

Keywords: Sorghum, recombinant inbred line, domestication, grain sorghum, early
flowering, water management, hormone signaling
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Introduction
Climate change combined with population growth threaten global food quality, availability, and
affordability (Lesk et al., 2016). In order to ensure future food security, it is imperative to
identify genotypes of grain crops that can withstand the abiotic stresses that limit crop production
(Fahad et al., 2017). Drought impacts crop yield by impeding growth and developmental at both
the morphological and physiological levels (Yardanov et al., 2000, Barnabas et al., 2007, Rakshit
et al., 2020). Although roots play a crucial role in regulating water acquisition and uptake under
drought conditions, aboveground strategies, such as stomatal closure and leaf curling/wilting,
work to minimize transpirational water loss (Gewin, 2010, Fahad et al., 2017, Chen et al., 2020,
Rakshit et al., 2020). Identification of the genetic mechanisms that facilitate drought tolerance
will enable the development of crop varieties that can maintain agronomically important traits
under unfavorable conditions.
Morphological and physiological responses to drought are well documented in cereals. For
example, decreases in cell elongation and differentiation, a direct result of reduced turgor
pressure, lead to reductions in aboveground growth (Fahad et al., 2017, Rakshit et al., 2020).
These vegetative consequences can lead to a reduced time to anthesis, which has a significant
negative impact on grain yield (Fahad et al., 2017, Rakshit et al., 2020). Physiologically,
decreases in leaf water potential correspond with reductions in transpiration rate (Fahad et al.,
2017). These responses are a result of stomatal closure, which minimizes water loss via
transpiration while also decreasing evapotranspiration. Thus, leaf temperatures increase due to
reduced evaporative cooling (Fahad et al., 2017). Physiological responses include hormone
biosynthesis and signaling, which can influence plant growth and stomatal aperture through
intricate signal cascades (Hasanuzzaman and Tanveer, 2020).
Prior research indicates that drought tolerance in Sorghum was acquired via domestication
(Henderson et al., 2020). Further, Sorghum accessions from the durra landrace were found to be
the most tolerant (Henderson et al., 2020). Therefore, the Sorghum recombinant inbred line
(RIL) population used in this work, generated from a cross between Sorghum propinquum
(female parent) and Sorghum bicolor (TX7000 inbred, durra landrace, male parent), provides the
opportunity to explore the evolutionary origins of drought tolerance (Govindarajulu et al., 2021).
TX7000, an elite grain-producing line of S. bicolor, displays pre-anthesis drought tolerance,
while S. propinquum is drought sensitive and displays phenotypes associated with wild grasses,
such as small seeds, narrow leaves, and tillering (Evans et al., 2013, Govindarajulu et al., 2021).
Evaluation of this population under salinity stress has successfully identified the allelic and
genetic controls of the osmotic and ionic components of salinity stress (Hostetler et al., 2021). As
drought also has an osmotic component, this Sorghum population provides the opportunity to
identify loci unique to the drought response, as influenced by domestication and improvement.
We identified eight drought-specific QTL relating to both morphological and physiological traits.
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These QTL were associated with alterations to aboveground growth and traits relating to
transpiration/water management. Further, seven of these QTL explained greater than 10% of the
phenotypic variation.
Methods and Materials
Plant Material:
A recombinant inbred line (RIL) population, generated from an interspecific cross between
Sorghum propinquum (courtesy William Rooney, Texas A&M University, College Station, TX,
USA) and Sorghum bicolor (TX7000 inbred), was used to explore the genetic controls associated
with the drought response. The RIL population consists of 168 F lines, with 5.4% being F ,
11.4% being F , 82.1% being F , and 1.1% being F . Each line was derived via the single seed
descent method (Brim, 1966, Snape and Riggs, 1975).
3:6

4

5

3

6

Experimental Design and Conditions:
In a controlled greenhouse room, between two and four seeds of each RIL were organized into
two treatment groups (control and drought stressed) and randomly sown in 5 cm x 5 cm x 25 cm
pots (Stuewe and Sons, Tangent, OR, USA). Each pot was filled with #4 silica sand with
approximately one inch of Premier Pro-Mix BX MYCO soil (Premier Tech Horticulture,
Quakertown, PA, USA) on top in which the seeds were germinated. Conditions during
germination were as follows: 27 °C day/23 °C night, 75% humidity, and approximately fifteen
hours of natural light. During germination, and up to seventeen days post-sowing, all seedlings
were watered once daily with tap water and fertilized once weekly with 80 PPM 20-20-20 NPK
(Jack’s Classic Water Soluble Fertilizer, Allentown, PA, USA). Between twelve and thirteen
days post-sowing, all but one seedling was harvested from the pot, leaving five RILs per
treatment group (1680 total plants). At seventeen days post-sowing, half of the replicates
(drought stressed) were left unwatered for the remainder of the study (until twenty-six days postsowing).
Phenotypic Measurements:
Prior to the initiation of drought stress (17 days post sowing), the newest fully expanded leaf on
each plant was marked, and this leaf was used to collect measurements of relative water content,
leaf greenness, and leaf temperature. Between twenty-six and twenty-nine days post-sowing, the
following measurements were recorded: height (cm), leaf greenness (nmol/cm), leaf temperature
(°C), total aboveground biomass (g), and relative water content (RWC, %). Height was measured
from the base of the plant to the top of the stalk. Leaf greenness was measured across the length
of the leaf using a Minolta SPAD-502 Chlorophyll Meter and averaged. Leaf temperature was
measured using the FLIR T-165 Imaging IR Thermometer with an emissivity setting of 0.95
(Pandya et al., 2013). Total aboveground biomass was collected by drying the entire
aboveground part of the plant at 65°C for a minimum of 72 hours. Relative water content was

47

measured as follows: leaf tips were removed with scissors and weighed with an analytical
balance (fresh weight). Leaf tips were placed into 500 uL of ddH O and stored at 4°C for
approximately one week. Turgid leaf tips were then weighed again with an analytical balance
(referred to as the turgid weight). The leaf tips were then dried at 65°C for a minimum of 72
hours. Following, dried leaf tips were weighed to obtain the dry weight. Relative water content
for each leaf tip was calculated using the following formula:
2

RWC (%) = (Fresh Weight − Dry Weight)/(Turgid Weight − Dry Weight) x 100
Statistical Analysis
All statistical analyses were performed on both control and drought stressed (DS) populations.
Four biological replicates of each RIL under control and drought conditions were considered for
QTL analysis (only two replicates per treatment group were used for leaf temperature). All
statistical analyses and graphing were performed in R version 1.4.1717 (R Core Team, 2013).
Least square means for each phenotype in each treatment group were calculated for each RIL.
Normality of these data was assessed using both a Shapiro-Wilk test and Q-Q plots using the
stats package in R (Version 4.1.0, R Core Team, 2013). Data that were not normally distributed
were transformed as appropriate (Supplementary Table S1) and used in subsequent statistical
analyses and in the QTL analysis. Correlations of phenotypes (on both the raw phenotype data
and the LSM data) in each treatment group were assessed via a Pearson's Correlation analysis
using the PerformanceAnalytics package in R (version 2.0.4, Peterson and Carl, 2020)
(Supplementary Figures S1A-D).
Non-metric multidimensional scaling (NMDS) was performed to identify any treatment effects
on the raw phenotype data. Clustering of the NMDS used Bray-Curtis dissimilarity when all
phenotypes (excluding leaf temperature) were included in the analysis. The NMDS, which was
performed using the vegan packing in R (Version 2.5-7, Oksanen et al., 2020), was coupled with
an analysis of similarity (ANOSIM, significance assessed at alpha = 0.05), which adds statistical
significance to the NMDS. Further, one-way analysis of variance (ANOVA) was performed
using the stats package in R (Version 4.1.0, R Core Team, 2013) to identify treatment effects for
individual phenotypes across the population; significance was assessed at 𝛼= 0.05. If the raw
phenotype data could not be normalized, a Kruskal-Wallis test was performed instead (stats
package; R Version 4.1.0, R Core Team, 2013). Boxplots (Supplementary Figures S2A-E)
were generated using ggplot2 (version 3.3.5, Wickham, 2016)
Genetic Map Construction and QTL Analysis
The Sorghum RIL population used in this study was generated as previously described in
Govindarajulu et al. (2021). This population has successfully led to the identification of
candidate genes involved in the regulation of tiller elongation (Govindarajulu et al., 2021) and
salinity tolerance (Hostetler et al., 2021) in Sorghum. However, as advanced lines were used in
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this study, an updated genetic map was required. In brief, high-quality nuclear DNA was isolated
from each advanced RIL (20), which were then sequenced at 2x depth. Following alignment of
the RIL sequence reads to the masked S. bicolor reference, ver 3.1 (Paterson, 2008), SNPs were
analyzed with GenosToABHPlugin in Tassel ver. 5.0 (Bradbury et al., 2007). SNPs derived from
each parent were called as follows: S. propinquum (A), S. bicolor (B), or heterozygous (H).
Using SNPbinner, breakpoints were calculated from the ABH formatted SNP data file, allowing
for the construction of genotype bins (Gonda et al., 2019). Upon removal of heterozygous bin
markers, duplicate bin markers, and markers indicative of double crossovers, the kosambi map
function in R/qtl (Broman and Sen, 2011; Broman et al., 2003) was used to construct a highdensity genetic map (Govindarajulu et al., 2021).
QTL analysis was performed in R using the qtl package (version 1.5.0, Broman et al., 2003).
Interval mapping (IM) was used to identify QTL with logarithm of the odds (LOD) peak scores
that passed the significance threshold (∝ = 0.05) after a 1000 permutation test (Churchill and
Doerge, 1994). Next, a multiple QTL model (MQM) was used to identify additional additive
QTL, refine QTL positions, and test for interactions between QTL for each phenotype and
treatment group. The MQM was assessed via Type III ANOVA, allowing for the proportion of
variance explained and the additive effect for each QTL to be determined. QTL with a negative
additive value indicates that the trait was negatively influenced by S. bicolor alleles, while a
positive additive value indicates that the trait was positively influenced by S. bicolor alleles.
Putative genes found within a 1.0 LOD confidence intervals were extracted and inspected for
each QTL (Sorghum bicolor ver. 3.1).
Results
Genetic Map Construction
Following inclusion of the advanced lines in the bin map construction, there were a total of 4254
markers. Upon removal of duplicate and heterozygous markers, 2170 markers remained. These
markers covered all 10 Sorghum chromosomes, with a total length of 899.4 cM (Supplementary
Figure S3, Supplementary Table S2).
Drought Exposure Impacts Plant Performance
Height, aboveground biomass, and leaf greenness significantly decreased in the drought stressed
RILs compared to the controls (Table 1, Supplementary Figures S2A-E). Additionally, relative
water content (RWC) was also reduced in response to drought. Further, leaf temperature
significantly increased upon drought exposure, suggesting induction of stomatal closure and
reduced transpiration rate (Table 1, Supplementary Figures 2A-E). Clustering of
morphological traits and RWC data in the NMDS ordination provides additional support for the
reduction in plant performance under drought conditions (Supplementary Figure S4).
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Phenotype and QTL Analysis
Height
Under control conditions, height ranged from 7.3 cm to 23.8 cm (average = 13.4 cm). In plants
exposed to drought, Ht was reduced by 33.8%, to an average of 8.86 cm (range = 1.3 cm to 21.1
cm). Five significant QTL were identified for this trait, three in the control population and two in
the drought population. In the controls, the QTL on chromosomes seven, eight, and nine
explained 12.7% of the phenotypic variation, and had an average additive effect of −0.018. In
the drought population, the QTL on chromosomes one and nine explained 14.3% of the
phenotypic variation and had an average additive effect of −0.061. These negative additive
effects indicate that S. bicolor alleles negatively influenced height under both control and
drought conditions. Despite both being on chromosome nine, the QTL in the control and drought
populations do not fall in the same location. The QTL in the control population ranges between
2.74 Mb − 3.09 Mb, with the peak at 2.99 Mb, while the QTL in the drought population ranges
between 55.5 Mb − 57.0 Mb, with the peak at 56.7 Mb. Of the 310 genes located within the two
QTL in the drought population, candidate genes involved in the drought response were
associated with plant hormone responses, signal transduction, responses to water deprivation,
osmotic stress, salinity stress, and heat stress, root development, regulation of development and
reproduction, cutin/wax biosynthesis, xylem development, protein folding/refolding, and
photosynthetic regulation (Table S3).
Aboveground Biomass (AGB)
In the controls, the average aboveground biomass (AGB) was 0.596 g (range = 0.116 g to 1.263
g). In response to drought, AGB was reduced by 67.7%, to an average of 0.193 g (range = 0.0067
g to 0.378 g). Five significant QTL were identified for this trait, two in the control population
and three in the drought population. In the controls, the QTL on chromosomes one and five
explained 18.6% of the phenotypic variation and had an average additive effect of 0.019. In the
drought population, the QTL on chromosomes one, four, and five explained 25.8% of the
phenotypic variation, and had an average additive effect of 0.014. These positive additive effects
indicate that S. bicolor alleles positively influenced this trait. The QTL detected in the drought
population on chromosome 5 (qAGB_5.DS, peak = 66.5 Mb) overlaps completely with the QTL
detected in the controls (qAGB_5.Ctrl, peak = 64.9 Mb). This suggests that the genes within this
overlapping region play roles in plant growth, development, and/or architecture rather than in
any specific drought-responsive mechanisms. However, of the 544 genes located within the two
QTL unique to the drought population, candidate genes involved in the drought response were
associated with responses to water deprivation, osmotic stress, salt stress, and heat stress,
floral/reproductive development, vegetative regulation and development, plant hormone
biosynthesis and responses, root development, regulation of stomatal movement, and cutin/wax
biosynthesis (Table S3).
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Relative Water Content (RWC)
In the controls, relative water content (RWC) averaged at 93.5% (range = 5.71% to 100%). In
response to drought, RWC reduced by 45%, to an average of 51.4% (range = 2.04% to 100%). A
single significant QTL, located on chromosome five, was identified in the drought population.
This QTL explained 6.15% of the phenotypic variation and had an additive effect of −0.372.
This negative additive effect indicates that S. bicolor alleles negatively influenced this trait. Of
the 141 genes located within this QTL, candidate genes involved in the drought response were
associated with developmental growth, root morphogenesis and development, responses to water
deprivation and salt stress, plant hormone responses and signaling, and regulation of stomatal
movement (Table S3).
Leaf Temperature (LT)
In the controls, leaf temperature (LT), acting as a proxy for transpiration/evaporative cooling,
ranged from 24.7 °C to 35.4 °C (average = 30.3 °C). In response to drought, LT increased by
12.9%, to an average of 34.3 °C (range = 30.6 °C to 41.4 °C). Two significant QTL, located on
chromosomes five and six, were identified in the drought population. These QTL explained
32.7% of the phenotypic variation and had an average positive additive effect of 0.463. These
positive additive effects indicate that S. bicolor alleles positively influenced LT. Of the 136
genes located within these QTL, candidate genes involved in the drought response were
associated with responses to heat and water deprivation, hormone signaling and responses,
developmental and reproductive regulation, and cell morphogenesis/differentiation (Table S3).
Foliar Chlorophyll Content (SPAD)
Under well-watered conditions, foliar chlorophyll content ranged from 11.9 nmol/cm to 39.3
nmol/cm (average = 28.4 nmol/cm). In response to drought, leaf greenness was reduced by
23%, to an average of 21.9 nmol/cm (range = 3.2 nmol/cm − 49.2 nmol/cm). A single significant
QTL, located on chromosome six, was identified in the control population. This QTL explained
8.11% of the phenotypic variation and had an additive effect of − 0.684. This negative additive
effect indicates that S. bicolor alleles negatively influenced this trait. No significant QTL were
identified for leaf greenness in the drought population.
Discussion
In grain and forage crops, maintenance of traits pertaining to grain yield and biomass is essential
under abiotic stress in order to prevent major economic and agricultural outcomes (Fahad et al.,
2017). Thus, identifying the genetic controls of drought tolerance as they relate to the
preservation of these economically important features is crucial, particularly when ensuring
future food security for the growing population (Fahad et al., 2017). Given the negative impact
of drought on yield, much work has been done to characterize the drought-responsive impacts on
growth, grain yield, and water management strategies in cereal crops (Gupta et al., 2020, Ndlovu
et al., 2021). At the morphological level, reductions in plant growth are due to impaired cell
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elongation (Fahad et al., 2017). As growth is a byproduct of cell division and differentiation, the
loss of cell turgor in response to drought negatively impacts these processes (Fahad et al., 2017).
As a result, plants can have a shorter stature, as well as smaller and/or a reduced number of
leaves (Fahad et al., 2017). In addition to these vegetative consequences, drought can also impact
grain yield; however, this can depend on the timing and/or severity of the exposure (Fahad et al.,
2017). For example, drought during the vegetative phase can shorten time to anthesis, a common
drought escape mechanism, while post-anthesis drought exposure can reduce the grain filling
period (Hadebe et al., 2017, Fahad et al., 2017).
The S. bicolor variety used as the male parent in this recombinant inbred population, TX7000, is
a grain sorghum, and has physical attributes that differ from forage sorghum varieties
(Undersander et al., 1990, Roth and Harper, 1995, Evans et al., 2013, Sick, 2020). As such, it
was predicted that S. bicolor alleles would negatively influence height, as vertical growth is less
desirable for grain-related traits compared to the stem biomass accumulation associated with
forage varieties (Evans et al., 2013). Further, although forage varieties of Sorghum tend to be
both taller and leafier, the correlation between aboveground biomass (AGB) and grain yield
would likely result in a positive effect of S. bicolor alleles on AGB (Casari et al., 2019). Both
predictions were supported by our findings: S. bicolor alleles decreased height and increased
AGB in drought conditions (Table 2). These results are further strengthened by the findings of
Hostetler et al. (2021), where this same Sorghum population was evaluated under salinity stress.
The salt-specific QTL detected by Hostetler et al. 2021 on chromosome four for aboveground
biomass-related traits, as well as the QTL detected for height on chromosomes one and nine,
overlap with the following QTL detected in the present study: qAGB_4.DS, qHt_1.DS, and
qHt_9.DS (Table 2). Further, aboveground biomass and height were similarly controlled by S.
bicolor in response to salinity stress as they were under drought (Hostetler et al., 2021).
Therefore, when under osmotic stress, traits favoring grain varieties, such as reduced height and
enhanced biomass, are preferentially maintained in this Sorghum population.
The genes located within the drought-specific QTL detected for height and AGB (Table 2,
Table S3) are involved in reproductive processes, root development, and plant hormone
responses. Those associated with reproductive processes fell into the following categories:
regulation of photoperiodism, floral development, vegetative phase change, and regulation of
reproduction. Given how S. bicolor alleles influenced height and AGB, the identification of these
gene products highlights the impact of grain varieties on growth phenotypes under drought.
Therefore, the identification of gene products within these functional categories is logical for two
reasons: 1) early flowering is a known response associated with drought escape, which aids the
transition into reproduction before stress becomes too severe (Hadebe et al., 2017, Fahad et al.,
2017, Ndlovu et al., 2021), and 2) these genes facilitate reproductive processes (i.e. grain
production) and ultimately favor traits associated with grain sorghum varieties (Evans et al.,
2013).
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In addition to morphological mechanisms, physiological strategies are also employed to combat
drought conditions. For example, maintaining cellular moisture is fundamental for plant growth
and development, and is often accomplished through osmotic adjustment, i.e. the cellular
accumulation of solutes in response to low water potential (Tuberosa, 2012, Ndlovu et al., 2021).
This process serves to maintain cellular moisture levels, and ultimately turgidity. As a result,
osmotic adjustment can be linked with high relative water content (RWC) (Boyer et al., 2008). In
a similar vein, modifications to stomatal aperture can minimize transpirational water loss under
drought conditions; however, this can also increase internal leaf temperature and have
photosynthetic consequences (Verslues et al., 2006, Casari et al., 2019).
Given the crucial yet sensitive role of balancing plant water status under drought conditions, it
was predicted that the alleles of the drought tolerant domesticated parent, S. bicolor, would
positively influence traits relating to water management (Henderson et al., 2020). For instance,
the average positive additive effect for the two QTL detected for leaf temperature (qLT_5.DS
and qLT_6.DS) reflects the induction of stomatal closure (i.e. reduced transpiration rate) as
influenced by S. bicolor alleles (Table 2). Interestingly, the negative additive effect for the QTL
detected for RWC in the drought population (qRWC_5.DS) indicates that S. bicolor alleles
reduced this trait. This relationship between RWC and S. bicolor alleles does not correspond well
with the findings for leaf temperature. Given their roles in water uptake and water loss
prevention, it was expected that these traits would be positively controlled by S. bicolor alleles.
However, one mechanism contributing to high RWC gives these findings more context. As
summarized in Ndlovu et al. (2021), a main factor contributing to high water content in Sorghum
is a deep and extensive root system. In conjunction with the aboveground variability between S.
bicolor and S. propinquum, these two species also differ in their root system architecture: S.
propinquum has a much more substantial root system compared to S. bicolor (Cox et al., 2018,
Govindarajulu et al., 2021). Therefore, S. propinquum alleles positively influence RWC due to
enhanced moisture acquisition that facilitates high RWC, whereas the tight stomatal control seen
in S. bicolor was derived following domestication.
Genes within the QTL detected for RWC (qRWC_5.DS) were involved in biological functions
relating to belowground growth, such as root morphogenesis/development and responses to
auxin. Further, two of these genes (Sobic.005G218000, Sobic.005G218100) encode s-adenosyll-methionine-dependent (SAM) methyltransferases. SAM methyltransferases are involved in a
variety of pathways, such as hormone and lignin biosynthesis (Heidari et al., 2020). Additionally,
SAM is used as a methyl donor in the biosynthesis of ethylene and polyamines (Hedari et al.,
2020). In combination with regulating aboveground growth, ethylene also regulates the
transcription of many components involved in auxin transport (Růžička et al., 2007, Dubois et
al., 2018). Therefore, ethylene modulates root growth through its impact on auxin signaling and
transport (Růžička et al., 2007). Moreover, the main polyamines synthesized via SAM methyl
donation (i.e. putrescine, spermidine, and spermine) can regulate stomatal aperture through
modifying the size of the potassium channels in the plasma membrane of guard cells (Chen et al.,
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2019). Thus, polyamines play a role in controlling transpirational water loss and maintaining
cellular moisture levels (Chen et al., 2019). SAM methyltransferases may play a major role in the
drought stress response by impacting root growth and water management (Heidari et al., 2020).
Within the two drought-specific QTL detected for leaf temperature (qLT_5.DS and qLT_6.DS),
many genes were involved in hormone mediated signaling and response to abscisic acid (ABA).
Two of these genes (Sobic.006G218400, Sobic.006G218600) encode kelch repeats, which are Fbox protein functional domains (Jain et al., 2007). These kelch repeats are located on the Cterminus of F-box proteins and bind to different substrates via protein-protein interactions (Jain
et al., 2007, Hong et al., 2020). F-box proteins themselves are a part of the ubiquitin protease
system, which is responsible for protein degradation (Schumann et al., 2011). In addition to this
association, F-box proteins also play roles in hormone signaling (Small and Vierstra, 2004, Rao
and Virupapuram, 2021). For example, an Arabidopsis thaliana F-box protein called Drought
Tolerance Repressor 1 (DOR1) plays a role in the ABA-mediated drought response by inducing
stomatal closure (Zhang et al., 2008, Rao and Virupapuram, 2021). Additional genes within
qLT_6.DS (Sobic.006G215400, Sobic.006G215600) encode serine-threonine protein kinases.
There are a variety of members in the serine-threonine protein kinase family, and one of these
members, sucrose non-fermenting 1-related protein kinases (SnRKs), has been shown to be
involved in plant stress responses (Diédhiou, et al., 2008). For example, two SnRK type kinases
in Arabidopsis, SnRK2 and SnRK3, were found to be involved in ABA signaling and stomatal
closure (Mustilli et al., 2002, Kobayashi et al., 2004, Diédhiou, et al., 2008). The genes encoding
kelch repeats and protein kinases identified in this study may play similar roles in Sorghum,
highlighting the importance of intricate ABA signaling and control of stomatal water loss in
drought resistance.
Conclusions
The species-specific control of the traits described in this work highlight the role of
domestication and selection on grain yield and water management mechanisms under drought.
For example, the identified increases in AGB and reductions in height, as influenced by S.
bicolor, demonstrate the impact of grain Sorghum varieties, such as TX7000, on droughtresponsive phenotypes. Further indication of this allelic control is suggested by prospective
candidate genes within the QTL detected for height and AGB. These gene products were found
to be involved in reproductive processes, which may facilitate early flowering, and ultimately
grain production, under drought. Physiologically, leaf temperature and relative water content
(RWC) were increased by S. bicolor and S. propinquum, respectively, emphasizing the impact of
species-specific belowground growth variability on these traits. The putative genetic controls
within the QTL detected for RWC and leaf temperature highlight the potential contribution of
hormone synthesis and signaling in drought resistance. These hormonal controls are important
from two perspectives: 1) through the impact on root growth, water uptake, and the maintenance
of cell turgidity, and 2) via the prevention of transpirational water loss as induced by ABA-
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influencing stomatal closure. Overall, this work provides additional support for Sorghum
accessions of the durra landrace, such as S. bicolor, serving as resources for crop improvement
due to their drought resistant phenotypes that were acquired via domestication.
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Table 1: Summary statistics for phenotypic values for control and drought stressed populations.
Statistical significance was assessed via one-way analysis of variance and/or Kruskal-Wallis test.
S.D. = standard deviation.
Ht = Height, SPAD = Leaf Greenness/Chlorophyll Content, RWC = Relative Water Content,
AGB = Aboveground Biomass, LT = Leaf Temperature
Trait

Control

S.D.

Drought
Stressed

S.D.

Percent
Change from
Control (%)

Statistical
Significance

Ht (cm)
SPAD
(nmol/cm)

13.37
28.39

2.35
3.70

8.86
21.87

1.75
7.42

-33.77
-22.97

***
***

RWC (%)
AGB (g)
LT (°C)

93.46
0.60
30.34

9.77
0.18
2.067

51.37
0.19
34.25

34.31
0.056
1.82

-45.03
-67.65
+12.90

***
***
***
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Table 2: Summary of QTL identified in Sorghum RIL population under control and
drought conditions, using transformed least square means. QTL were detected via Multiple
QTL Mapping (MQM) in control and drought conditions. QTL are named using the following
structure: q[Trait]_[Chr].[Trtmt]. PVE = percent variation explained.
AGB = Aboveground Biomass, Ht = Height, LT = Leaf Temperature, RWC = Relative Water
Content, SPAD = Leaf Greenness/Chlorophyll Content, Ctrl = Control, DS = Drought Stressed
Trait

Trtmt

QTL
Name

Chr

Position
(cM)

Bin
(Max
LOD)

LOD
Score

pvalue

PVE
(%)

Additive
Effect

Start
(Mb)

Peak
(Mb)

End
(Mb)

Ht
Ht
Ht
Ht
Ht
RWC
SPAD
AGB
AGB
AGB
AGB
AGB
LT
LT

Ctrl
Ctrl
Ctrl
DS
DS
DS
Ctrl
Ctrl
Ctrl
DS
DS
DS
DS
DS

qHt_7.Ctrl
qHt_8.Ctrl
qHt_9.Ctrl
qHt_1.DS
qHt_9.DS
qRWC_5.DS
qSPAD_6.Ctrl
qAGB_1.Ctrl
qAGB_5.Ctrl
qAGB_1.DS
qAGB_4.DS
qAGB_5.DS
qLT_5.DS
qLT_6.DS

7
8
9
1
9
5
6
1
5
1
4
5
5
6

52.97
5.81
37.95
121.17
63.13
80.70
36.70
52.87
48.39
73.12
66.94
45.75
3.79
45.78

59.66
0.20
2.99
79.95
56.69
71.53
53.75
7.92
64.9
59.82
66.05
65.91
0.55
56.34

6.28
3.51
5.17
3.26
5.62
3.27
3.58
3.5
4.77
3.98
3.78
3.78
3.53
3.2

0.004
0.023
0.004
0.033
0.004
0.044
0.017
0.022
0.002
0.013
0.016
0.037
0.021
0.031

3.7
3.6
5.4
5.4
8.9
6.2
8.1
3.4
7.1
9.3
10.7
5.9
18.7
13.9

-0.043
-0.042
-0.053
-0.052
-0.071
-0.372
-0.684
0.015
0.023
0.016
0.017
0.010
0.501
0.426

59.51
0.084
2.75
79.86
55.49
70.34
52.69
5.6
54.9
58.51
64.17
64.62
0.46
56.28

59.66
0.20
2.99
79.95
56.69
71.53
53.75
7.92
64.9
59.82
66.05
65.91
0.55
56.34

59.94
1.73
3.1
80.58
57.032
71.74
55.31
15.83
66.76
61.63
66.24
66.58
0.801
56.98
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Figure 1: Genetic map with QTL locations from 168 F Sorghum RILs. Colored vertical
lines display the position of each QTL for each trait in control and drought conditions. Closed
black circles within each colored vertical line represent the peak of the QTL (in centimorgans,
cM). The open spaces on each chromosome reflect the removal of duplicate and/or heterozygous
markers; horizontal lines represent bins used as markers. The genetic map positions (in cM) are
shown in the y-axis, while the chromosome number is located across the x-axis.
3:6

AGB = Aboveground Biomass, Ht = Height, LT = Leaf Temperature, RWC = Relative Water
Content, SPAD = Leaf Greenness/Chlorophyll Content, Ctrl = Control, DS = Drought Stressed
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Table S1: Transformation of least square means values. Phenotypes were transformed to
meet normality, and these values were used in the QTL analysis.
Ht = Height, SPAD = Leaf Greenness/Chlorophyll Content, RWC = Relative Water Content,
AGB = Aboveground Biomass, LT = Leaf Temperature
Trait
Ht (cm)
SPAD
(nmol/cm)
RWC (%)
AGB (g)
LT (°C)

Control
Transformation
Cubed Root
None

Shapiro-Wilk
Test p-value
0.07546
0.2765

Removed values
>100% + 6th
power
Square root
Cubed

0.1242
0.363
0.08179

Drought Stressed
Transformation
Square Root
Twelve outliers
removed
Removed values
>100% or <0% +
square root
None
Two outliers
removed

Shapiro-Wilk
Test p-value
0.1026
0.4826
0.08102
0.05075
0.8437
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Table S2: Genetic map summary. The genetic map consists of 10 total chromosomes, and
spans 899.4 cM with a total of 1991 bin markers. On average, markers are 0.4 cM apart with a
maximum spacing of 8.0 cM.
Chromosome

Control
Transformation

Shapiro-Wilk
Test p-value

Drought Stressed
Transformation

Shapiro-Wilk
Test p-value

1
2
3
4
5
6
7
8
9
10

308
256
254
213
185
170
203
174
221
186

117.6
97.8
121.2
86.6
81.7
64.0
83.2
75.4
88.3
83.5

0.4
0.4
0.5
0.4
0.4
0.4
0.4
0.4
0.4
0.5

3.2
1.7
8.0
2.3
2.6
3.5
1.4
1.7
1.4
1.6

Overall

2170

899.4

0.4

8.0
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Table S3. Candidate genes identified for each QTL. Genes were identified within 1 logarithm of the odds (LOD) confidence interval for each QTL. Genes are organized by trait.
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Supplementary Figures 1A-D: Pearson correlations on raw phenotypes (A, B) and
transformation least squared mean values (C, D) for the control (A, C) and drought (B, D)
populations.

A
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B

70

C

71

D
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Supplementary Figures 2A-E: Boxplots displaying average control (black) and drought
stressed (blue) values for all measured morphological and physiological traits. A) aboveground
biomass, B) height, C) foliar chlorophyll content, D) leaf temperature, E) relative water content.
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Supplementary Figure 3: Genetic map following removal of heterozygous and duplicate
markers. Mapping position (in cM), is shown on the y-axis, and chromosome number is
displayed across the x-axis.
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Supplementary Figure 4: Non-metric multidimensional scaling, paired with an analysis of
similarity, reveals clustering of morphological traits (excluding leaf temperature) by treatment.
Control = purple squares, Drought = black triangles.
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CHAPTER 5: QTL MAPPING IN A SORGHUM RECOMBINANT INBRED LINE
POPULATION EMPHASIZES ROLE OF ROOT SYSTEM REORGANIZATION IN
DROUGHT RESISTANCE
Melissa A. Lehrer, Rajanikanth Govindarajulu, Farren Smith, and Jennifer S. Hawkins
Abstract
Climate change induced environmental stressors, such as drought, significantly limit crop
productivity. As moisture acquisition is critical during periods of drought, elucidating root
system architectural responses that enhance water uptake will deepen our understanding of
belowground drought tolerance strategies. Evaluation of a Sorghum recombinant inbred line
(RIL) that was generated via a cross between domesticated Sorghum bicolor (TX7000 inbred)
and its wild and weedy relative Sorghum propinquum under drought conditions resulted in the
identification of five drought-specific quantitative trait loci (QTL) related to root system
architecture (RSA). These QTL contained genes whose products were involved in hormone
synthesis and signaling, suggesting that intricate and cascading signal transduction pathways
play a role in mitigating drought stress through root-to-shoot communication. Further, colocalization of these QTL with a root biomass QTL detected in this same population under
salinity stress indicates shared genetic control of belowground traits under osmotic stress. The
allelic control of these traits reflects enhanced downward growth and maintenance of root
biomass under osmotic stress, as influenced by S. bicolor. Our findings show that: 1) root
systems undergo structural rearrangement upon exposure to osmotic stress, likely improving
water uptake, and 2) phytohormones trigger cascading downstream physiological and molecular
effects in response to drought.

Keywords: Sorghum recombinant inbred line, domestication, drought, osmotic stress, root
system architecture, water acquisition, phytohormones, abscisic acid (ABA)
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Introduction
Drought is one of the most important environmental constraints limiting crop productivity in
many regions of the world (Uga et al., 2013). Therefore, it is crucial to shed light on the genetic
underpinnings associated with drought tolerant phenotypes, specifically in agriculturally and
economically important grain crops. Not only is it important to study these mechanisms
aboveground, as the grain and biomass are the monetary and/or consumable components of
cereals, but also belowground, as water and nutrient uptake are crucial for plant growth and
development, especially under drought (Chen et al., 2020). Further, as the roots are the first
organ to experience drought, they play the important role in modulating water uptake and
sensing the onset of water limitation (Gewin, 2010, Chen et al., 2020). Thus, investigation of the
drought-responsive changes to root system architecture (RSA) in drought conditions will provide
a more thorough understanding of the phenotypic and genetic driving forces that enhance soil
exploration and water acquisition (Koeveots et al., 2016).
Variation in nodal root angle impacts lateral soil exploration and significantly influences water
uptake (Oyanagi, 1994; Kato et al., 2006, Hammer, 2009, Gewin, 2010, Singh et al., 2010, Mace,
2012). Further, Gewin (2010) found that deep root systems play a major role in the drought
response, as they are better able to absorb water and nutrients compared to shallow root systems
(Chen et al., 2020). Other RSA traits, like root number and positioning, can also impact water
and nutrient uptake (Manschadi et al., 2006). In addition to these morphological mechanisms,
root systems are involved in hormone synthesis and transport, which are essential in the drought
response and can influence aboveground drought-responsive phenotypes via signal transduction
(Chen et al., 2020).
In this work, a recombinant inbred line (RIL) population, generated via an interspecific cross
between Sorghum propinquum (female parent) and Sorghum bicolor (TX7000, male parent)
(Govindarajulu et al., 2021) was used to identify genetic controls of drought tolerance. S. bicolor
is a domesticated grain crop, while S. propinquum is drought sensitive and displays phenotypes
associated with wild grasses, like small seeds, narrow leaves, tillering (Govindarajulu et al.,
2021). TX7000, an elite, grain producing line of S. bicolor from the durra landrace, displays preanthesis drought tolerance (Evans et al., 2013, Henderson et al., 2020). As described in Lehrer et
al. (in prep, Chapter 4), this RIL population has been successfully used to identify the allelic and
potential genetic controls of the morphological and physiological strategies associated with
domestication-derived drought resistance. Putative genetic controls uncovered within the QTL
detected in Lehrer et al. in prep were found to be involved in root growth/development and
hormone signaling. Therefore, these previous findings provide a foundation for expanding our
analysis to belowground tissues and responses in this same Sorghum population under drought.
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Methods and Materials
Plant Material:
A recombinant inbred line (RIL) population generated from an interspecific cross between
Sorghum propinquum (courtesy William Rooney, Texas A&M University, College Station, TX,
USA) and Sorghum bicolor (TX7000 inbred) was used to explore the genetic controls associated
with the drought response. The RIL population consists of 168 F lines, with 5.4% being F ,
11.4% being F , 82.1% being F , and 1.1% being F . Each line was derived via the single seed
descent method (Brim, 1966, Snape and Riggs, 1975).
3:6

4

5

3

6

Experimental Design and Conditions:
In a controlled greenhouse room, between two and four seeds of each RIL were organized into
treatment groups (control and drought stressed) and randomly sown in 5 cm x 5 cm x 25 cm pots
(Stuewe and Sons, Tangent, OR, USA). Each pot was filled with #4 silica sand with
approximately one inch of Premier Pro-Mix BX MYCO soil on top (Premier Tech Horticulture,
Quakertown, PA, USA); seeds were germinated in this soil layer. Conditions during germination
were as follows: 27 °C day/23 °C night, 75% humidity, and approximately fifteen hours of
natural light. During germination, and up to seventeen days post-sowing, all seedlings were
watered once daily with tap water and fertilized once weekly with 80 PPM 20-20-20 NPK
(Jack’s Classic Water Soluble Fertilizer, Allentown, PA, USA). Between twelve and thirteen
days post-sowing, all but one seedling was harvested from each pot; five replicates per RIL
remained in each treatment group (1680 total plants). At seventeen days post-sowing, half of the
replicates (drought stressed, DS), were left unwatered for the remainder of the study (until
twenty-six days post-sowing). To prevent plant death during the three days of destructive
harvest, all DS plants were watered lightly with tap water until collected (twenty-seven days post
sowing).
Root Image Analysis and Phenotypic Measurements:
Control and DS root systems (four of the five replicates) were extracted from pots; the top layer
of soil was removed with an air compressor, and any excess growing media was removed via
shaking. Root systems were placed on a 18” x 12” black felt background and imaged with a
Nikon D5100 camera in three different orientations to account for any asymmetrical growth
(Supplementary Figure 1), hereafter referred to as A, B, and C. Following imaging, root
systems were collected for belowground biomass.
Rhizovision Explorer (RVE) software (Version 2.0.2, Seethepalli et al., 2021) was used to
identify drought-responsive changes to root system architecture (RSA); this data was collected
from the images taken during the destructive harvest. In order to adjust for any lighting bias in
the images due to time of day during the collection and imaging, the average number of pixels
per inch (PPI) in each of three images (first image, middle image, last image) from each group of
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thirty-six (Supplementary Figure 2) was determined via ImageJ; this PPI value was averaged
and used in RVE to more accurately calculate the desired RSA traits. Traits extracted from RVE
included: convex area (mm ), root depth (mm), maximum width of the root system (mm), widthto-depth ratio, median root number, and average root diameter (mm). Belowground biomass was
measured for plant tissue dried at 65°C for a minimum of 72 hours.
2

Statistical Analysis
All statistical analyses were performed on both control and DS RILs. There were four biological
replicates of each RIL under both control and drought conditions included in the QTL analysis.
All statistical analyses were performed using R version 1.4.1717 (R Core Team, 2013).
Least square means for each phenotype in each treatment group (control and DS) were calculated
for each RIL. Normality of these data was assessed using both a Shapiro-Wilk test and Q-Q plots
using the stats package in R (Version 4.1.0). Data that were not normally distributed were
transformed as appropriate (Table S1) and used in statistical analyses and in the QTL analysis.
Correlations of phenotypes (raw data and LSM data) in each treatment group were assessed via a
Pearson's Correlation analysis using the PerformanceAnalytics package in R (version 2.0.4, R
Core Team, 2013, Peterson and Carl, 2020, Supplementary Figures 3A-D).
Non-metric multidimensional scaling (NMDS) was performed on the raw phenotype data to
identify any treatment effects. Clustering of the NMDS used Bray-Curtis dissimilarity when all
phenotypes were included in the analysis. The NMDS, which was performed using the vegan
packing in R (Version 2.5-7, Oksanen et al., 2020), was coupled with an analysis of similarity
(ANOSIM, significance assessed at alpha = 0.05), which adds statistical significance to the
NMDS ordination. This analysis was performed twice: on the RSA traits collected from RVE in
the A/B orientations and on the RSA traits collected from RVE in the C orientation, combined
with belowground biomass. This separation was due to discrepancies in sample size. Further, a
Kruskal-Wallis test was performed using the stats package in R to identify treatment effects for
individual phenotypes; significance was assessed at ∝ = 0.05. As all RSA traits could not be
transformed to normality, the Kruskal-Wallis test, which is used to assess non-parametric data,
was performed to identify treatment effects. Boxplots (Supplementary Figures 4A-G) were
generated using ggplot2 (version 3.3.5, Wickham, 2016)
Genetic Map Construction and QTL Analysis
Genetic map construction and the quantitative trait loci (QTL) analysis were performed as
previously described in Lehrer et al. (in prep, Chapter 4).
Results
Root Image Analysis
Root images taken in the A and B orientations were to account for positional bias during growth;
however, the results showed no significant difference between orientations A and B (as
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determined via a Kruskal-Wallis test, Supplementary Figures 7-8). As such, these data were
averaged and used in the downstream analyses. Additionally, given that images taken in the C
orientation would inflate any lateral or area-related measurements of the root system due to the
outward spread of the roots (Supplementary Figure 1), traits derived from C orientation images
were used for median root number and average diameter only. All other traits (depth, maximum
width, width-to-depth ratio, and convex area) were obtained from the average of the A and B
orientations.
Genetic Map Construction
The genetic map for this study was generated as described in Lehrer et al. (in prep, Chapter 4)
(Supplementary Figure 5, Table S2).
Impact of Drought Exposure on Root System Architecture Traits
In response to drought, all root-related traits (i.e. root system architecture and belowground
biomass) were reduced (Table S3, Supplementary Figures 4A-G). Clustering of these traits, in
the A/B and C orientations, respectively, in the NMDS provided additional support for the
belowground growth strategies employed in response to drought exposure (Supplementary
Figures 8-9).
Phenotype and QTL Results
Convex Area
In control plants, the average convex area (CA) of the root system was 19,832.9 mm2 (range =
5,794.9 mm2 to 64,471.8 mm2). This trait was reduced by 35% in drought stressed plants to an
average of 12,907 mm2 (range = 1,377.9 mm2 to 37,063.6 mm2). In the drought population, a
single QTL for this trait was identified on chromosome four. This QTL explained 11.4% of the
phenotypic variation, and had an additive effect of 726.4, indicating that S. bicolor alleles
positively influenced CA. Of the 103 genes located within this QTL, candidate genes involved in
the drought response were associated with hormone responses (abscisic acid, jasmonic acid,
salicylic acid, ethylene), hormone-mediated signaling pathways, response to osmotic stress, salt
stress, water deprivation, shoot growth and development, and water channel activity (Table S4).
Maximum Width
Under well-watered conditions, maximum width (MW) of the root system ranged from 33.58
mm to 274.03 mm (average = 86.27 mm). In response to drought, this trait was reduced by
25.5% to an average of 64.29 mm (range = 21.09 mm to 208.33 mm). Two QTL were identified
for MW, on chromosomes two and four, respectively. Together, these QTL explain 16.8% of the
phenotypic variation, and had an average additive effect of -0.329, indicating that S. bicolor
alleles negatively influenced MW. Of the 727 genes located within these two QTL, candidate
genes involved in the drought response were associated with shoot growth and development,
hormonal responses (abscisic acid, jasmonic acid, salicylic acid, ethylene, auxin, gibberellin),
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hormone-mediated signaling pathways, root morphogenesis and development, responses to salt,
osmotic, and heat stresses, water deprivation, water channel activity, and xylem development
(Table S4).
Maximum Root Length (i.e. Depth)
In control plants, the average maximum depth of the root system was 323.51 mm (range =
215.55 mm to 430.25 mm). This trait was reduced by 8.42% in drought stressed plants, to an
average of 296.29 mm (range = 76.51 mm to 430.33 mm). A single significant QTL, located on
chromosome four, was identified in the control population. This QTL explained 13.4% of the
phenotypic variation and had an additive effect of 0.195. This positive additive effect indicates
that S. bicolor alleles positively influenced root system depth. No significant QTL were
identified for root system depth in the drought population (Table S4).
Width-to-Depth Ratio (WDR)
Under control conditions, width-to-depth ratio (WDR) ranged from 0.085 to 0.993 (average =
0.268). In plants exposed to drought, WDR was reduced 16.9% to an average of 0.223 (0.063 to
1.263). In the drought population, two QTL for this trait were identified, one chromosome four
and one on chromosome five. These QTL explained 11.52% of the phenotypic variation, and had
an additive effect of −0.0005, indicating that S. bicolor alleles negatively influenced WDR. Of
the 333 genes located within these QTL, candidate genes were associated with responses to
water deprivation, osmotic, heat, and salinity stresses, root and root hair development, hormonal
responses (abscisic acid, jasmonic acid, salicylic acid, ethylene, auxin), shoot development, and
xylem development (Table S4).
Belowground Biomass (BGB)
Under control conditions, belowground biomass (BGB) ranged from 0.0301 g to 0.7383 g
(average = 0.2462 g). In plants exposed to drought, BGB was reduced 58% to an average of
0.102 g (range = 0.0021 g to 0.2642 g). A single significant QTL, located on chromosome two,
was identified in the control population. This QTL explained 6.5% of the phenotypic variation,
and had an additive effect of 0.02403. This positive additive effect indicates that S. bicolor
alleles positively influenced BGB. No significant QTL were identified for BGB in the drought
population.
Median Root Number
In control plants, the median root number (MRN) ranged from 3 to 35 (average = 18.47). This
trait was reduced by 60.1% in drought stressed plants (average = 7.36, range = 1 to 20). No
significant QTL were identified for MRN in either the control of drought populations.
Average Root Diameter
Under control conditions, the average root diameter (ARD) of the root system was 1.23 mm
(range = 0.22 mm to 2.92 mm). This trait was reduced by 12.73% in drought stressed plants, to
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an average of 1.07 mm (range = 0.65 mm to 2.88 mm). No significant QTL were identified for
ARD in either the control of drought populations.
Discussion
Categorization of Sorghum species and/or genotypes as drought tolerant is often based on
morphological and physiological traits related to aboveground components (Serraj et al., 2004,
Henderson et al., 2021, Demelash et al., 2021, Lehrer and Hawkins, in prep). Although
aboveground strategies play a significant role in mitigating the drought response, belowground
adjustments are equally important. Root system architecture (RSA) is a major factor contributing
to moisture acquisition, and changes to RSA traits are essential under drought (Bengough et al.,
2004, Demelash et al., 2021).
Since root growth requires photosynthetic assimilates that are synthesized from aboveground
tissues, adjustments to root system architecture can be resource intensive (Ruan et al., 2013).
Although these resources can be partitioned based on need (i.e. the limiting resource) or
organism size, it has been shown that both approaches similarly impact aboveground growth
(Eziz et al., 2017). Thus, the ability to enhance soil exploration under drought via modifications
to RSA would facilitate drought resistance. Sorghum accessions that belong to the landrace
durra, such as TX7000, have been shown to display aboveground phenotypes associated with
drought tolerance, a byproduct of selection during domestication (Henderson et al., 2020).
Therefore, it is sensible that S. bicolor alleles would control traits relating to RSA modification
under drought due to their established control of aboveground morphology and physiology under
osmotic stress (Henderson et al., 2020, Hostetler et al., 2021, Lehrer et al., in prep, Chapter 4).
This premise is supported by our findings: the average negative additive effect for the QTL
detected for maximum width (qMW_2.DS, qMW_4.DS) indicate that S. bicolor alleles were
associated with a reduction in this trait. Additionally, S. bicolor alleles had an average negative
additive effect on the QTL identified for width-to-depth ratio (qWDR_4.DS, qWDR_5.DS),
suggesting that root system lateral growth is reduced in favor of downward growth. Further,
there was a positive additive effect on the QTL discovered for convex area (qCA_4.DS). As
convex area (CA) and belowground biomass are positively correlated (Supplementary Figures
3A-D), CA is reflective of overall root growth. These results suggest that strategies
corresponding with enhanced soil exploration under drought conditions are controlled by S.
bicolor alleles and were likely a result of domestication.
Three QTL (qMW_4.DS, qWDR_4.DS, qCA_4.DS) co-localized on chromosome four, and the
QTL detected for maximum depth in the control population (qDepth_4.Ctrl) overlaps with these
loci (Table 1, Figure 1). This overlap may indicate that some of the genes within this shared
region are architectural and are responsible for root growth and other developmental processes.
However, the chromosomal region unique to the QTL detected in the drought population
suggests there are also drought-responsive components, while the co-localization indicates that
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these traits share genetic control. The drought-specific QTL on chromosome four identified in
this study also co-localize with the root biomass QTL identified in this same Sorghum population
under salinity stress (Hostetler et al., 2021). Further, similar to qCA_4.DS, there was a positive
additive effect for this salt-specific QTL detected for root biomass in Hostetler et al. (2021),
indicating that S. bicolor alleles increase this trait under both drought and salinity stress. The colocalization of the QTL described here, coupled with the positive additive effects for qCA_4.DS
and the root biomass QTL in Hostetler et al. (2021), indicates the shared genetic and allelic
control of belowground traits in this Sorghum population. Therefore, upon exposure to both
drought and salinity stress, S. bicolor controls root system reorganization to facilitate water
acquisition, further indicating that osmotic stress tolerance was a byproduct of selection during
domestication.
Within the QTL on chromosome four, in the regions unique to the drought population, we
identified genes associated with both above- and belowground responses to drought (Table S4).
For example, gene products were involved in plant hormone biosynthesis and recognition, leaf
senescence and morphogenesis, as well as lateral, adventitious, and overall root growth.
Altogether, these findings indicate that gene products associated with enhanced water acquisition
and hormone synthesis and signaling, which impact belowground phenotypes and are associated
with drought resistance, are located within these three drought-specific QTL on chromosome
four.
Two additional QTL identified in this study, located on chromosomes two (qMW_2.DS) and five
(qWDR_5.DS), also contain genes with probable roles in the drought response, and encode: 1)
pentatricopeptide repeat (PPR)-containing proteins, and 2) late embryogenesis abundant-like
(LEA) proteins (Table S4). PPR-containing proteins play a role in plant developmental
processes and are also involved in various abiotic stress responses (Chen et al., 2018). For
example, a gene encoding a PPR-containing protein in Sorghum (Sobic.003G380100) was found
to be upregulated in response to heat and combined heat and drought stresses (Johnson et al.,
2014). Additionally, the Sorghum gene Sobic.004G282000 contains a PPR repeat that is highly
homologous to several PPR-containing proteins in Arabidopsis that are involved in RNA
modification (Ortiz and Salas-Fernandez, 2021). A mutation in this gene, SLO2 (At2g13600),
resulted in hypersensitivity to abscisic acid (ABA), accumulation of reactive oxygen species, and
increased drought tolerance (Zhu et al., 2014). Further, the Arabidopsis gene SOAR1, another
PPR-containing protein, was found to be involved in ABA signaling and tolerance to drought,
salinity, and cold stresses (Jiang et al., 2015).
The interplay between the function of PPR-containing proteins and the functions of the genes
identified in the QTL on chromosome four, specifically as it relates to hormone synthesis and
responsiveness, emphasize the role of long-distance signaling in the drought response. This
significance is further supported by: 1) the identification of genes associated with LEAs in the
QTL on chromosomes two and five, and 2) the functions and inducibility of the LEA protein
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genes themselves. Although they have a wide variety of functions, LEA proteins are mainly
involved in the stabilization of membranes and proteins, often acting as molecular chaperones
(Tunnacliffe and Wise, 2007). Additionally, Blackman et al. (1995) showed that LEA protein
gene expression was inducible upon ABA exposure, and this expression improved cell integrity
following desiccation stress (Blackman et al., 1995, Tunnacliffe and Wise, 2007). LEA protein
gene expression is also induced by drought and salinity stresses (Tunnacliffe and Wise, 2007).
The identification of genes involved in plant hormone biosynthesis and signaling, which are
specific to the drought population, in combination with the genes induced by these hormones
(i.e. LEAs), emphasizes the major role of fine-tuned and cascading hormone signaling under
drought conditions.
Conclusions
The QTL detected for the RSA traits in the drought population in this study suggest that hormone
synthesis and signaling play important roles in the drought response. In addition to mitigating
drought stress through facilitating communication between the shoots and the roots, plant
hormones also induce physiological processes and the expression of putative genes involved in
drought resistance. More broadly, the co-localization of the QTL detected for RSA traits on
chromosome four in this study (qMW_4.DS, qWDR_4.DS, qCA_4.DS) with the salt-stress
associated root biomass QTL detected in Hostetler et al. (2021) reflects the shared genetic and
allelic control of root architectural and biomass traits under osmotic stress, which are positively
influenced by S. bicolor. As such, the enhanced water uptake associated with resistance to both
drought and salinity stresses is likely a result of domestication and improvement.
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Table 1: Summary of QTL identified in Sorghum RIL population under control and
drought conditions, using transformed least square means. QTL were detected via Multiple
QTL Mapping (MQM) in control and drought conditions. QTL are named using the following
structure: q[Trait]_[Chr].[Trtmt]. PVE = percent variation explained
BGB = Belowground Biomass, CA= Convex Area, MW = Maximum Width, WDR = Width-toDepth Ratio, Ctrl = Control, DS = Drought Stressed
Trait

Trtmt

QTL
Name

Chr

Position
(cM)

Bin
(Max
LOD)

LOD
Score

pvalue

PVE
(%)

Additive
Effect

Start
(Mb)

Peak
(Mb)

End
(Mb)

BGB
CA
MW
MW
Depth
WDR
WDR

Ctrl
DS
DS
DS
Ctrl
DS
DS

qBGB_2.Ctrl
qCA_4.DS
qMW_2.DS
qMW_4.DS
qDepth_4.Ctrl
qWDR_4.DS
qWDR_5.DS

2
4
2
4
4
4
5

43.69
92.64
86.91
92.64
89.059
92.64
28.51

64.56
69.34
72.19
67.87
67.012
67.87
4.03

3.41
4.89
3.40
3.60
5.67
3.58
3.12

0.027
0.006
0.034
0.023
0.004
0.025
0.044

6.5
11.4
10.9
5.9
13.4
6.8
4.7

0.0240
726.4
-2.98
2.32
0.195
0.008
-0.009

62.61
67.72
69.80
66.84
66.96
66.74
3.27

64.56
69.34
72.19
67.87
67.012
67.87
4.03

88.86
68.41
73.37
68.47
68.13
68.29
4.45
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Figure 1: Genetic map with QTL locations from 168 F Sorghum RILs. Colored vertical
lines display the position of each QTL for each trait in control and drought conditions. Closed
black circles within each colored vertical line represent the peak of the QTL (in centimorgans,
cM). The open spaces on each chromosome reflect the removal of duplicate and/or heterozygous
markers; horizontal lines represent bins used as markers. The genetic map positions (in cM) are
shown in the y-axis, while the chromosome number is located across the x-axis.
3:6

BGB = Belowground Biomass, CA = Convex Area, MW = Maximum Width, WDR = Widthto-Depth Ratio, Ctrl = Control, DS = Drought Stressed
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Table S1: Transformation of least square means values. Phenotypes were transformed to
meet normality, and were used in the QTL analysis.
BGB = Belowground Biomass, MW = Maximum Width, WDR = Width-to-Depth Ratio, CA =
Convex Area, MRN = Median Root Number, ARD = Average Root Diameter
Trait
BGB (g)

Control
Transformation
Square Root

Shapiro-Wilk
Test p-value
0.9394

Depth (mm)

Square Root

0.06412

MW (mm)
WDR

5th Root
Six outliers
removed
Square Root
None
Five outliers
removed

0.971
0.1756

CA (mm2)
MRN
ARD (mm)

0.3043
0.971
0.2634

Drought Stressed Shapiro-Wilk
Transformation
Test p-value
None
0.5583
One outlier
removed + 4th
power
None
4th root

0.97251

None
None
Five outliers
removed + square
root

0.564
0.2056
0.1852

0.7422
0.07055
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Table S2: Genetic map summary. The genetic map consists of 10 total chromosomes and spans
899.4 cM with a total of 1991 bin markers. On average, markers are 0.4 cM apart with a
maximum spacing of 8.0 cM.
Chromosome

Control
Transformation

Shapiro-Wilk
Test p-value

Drought Stressed
Transformation

Shapiro-Wilk
Test p-value

1
2
3
4
5
6
7
8
9
10

308
256
254
213
185
170
203
174
221
186

117.6
97.8
121.2
86.6
81.7
64.0
83.2
75.4
88.3
83.5

0.4
0.4
0.5
0.4
0.4
0.4
0.4
0.4
0.4
0.5

3.2
1.7
8.0
2.3
2.6
3.5
1.4
1.7
1.4
1.6

Overall

2170

899.4

0.4

8.0
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Table S3: Summary statistics for phenotypic values for control and drought stressed populations.
Statistical significance was assessed via Kruskal-Wallis test. S.D. = standard deviation.
BGB = Belowground Biomass, MW = Maximum Width, WDR = Width-to-Depth Ratio, CA =
Convex Area, MRN = Median Root Number, ARD = Average Root Diameter
Trait

Control

S.D.

Drought
Stressed

S.D.

BGB (g)

0.25

0.10

0.10

0.035

Depth (mm)
MW (mm)
WDR
CA (mm2)
MRN
ARD (mm)

323.51
86.27
0.27
19832.94
18.47
1.23

28.00
296.29
37.031
26.73
64.30
18.3049
0.0852
0.22
0.0846
5794.94 12907.39 3760.48
5.19
7.36
3.18
0.22
1.07
1.21

Percent
Statistical
Change from Significance
Control (%)
-58.48
***
-8.42
-25.47
-16.87
-34.92
-60.13
-12.73

***
***
***
***
***
***
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Table S4. Candidate genes identified for each QTL. Genes were identified within 1 logarithm of the odds (LOD) confidence interval for each QTL. Genes are organized by trait.
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Supplementary Figure 1: Root Imaging Orientations. During the destructive harvest, root
systems were imaged in three orientations to adjust for any asymmetrical growth. Following
extraction from pots and removal of excess growing media, root systems were placed on a black
felt background and imaged (Orientation A). Root systems were then rotated 90° and imaged
again (Orientation B). Lastly, root systems were spread out and imaged one last time
(Orientation C).

90°

Orientation A

Roots Spread
Out

Orientation B

Orientation C
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Supplementary Figure 2: Overhead view of plant pot organization. The setup consisted of
forty-eight total boxes containing approximately thirty-six plants in each. Boxes were split into
two groups of twenty-four, one for each treatment group (control and drought stressed); seeds for
each recombinant inbred line were randomly sown in each pot.
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Supplementary Figures 3A-D: Pearson correlations on raw phenotypes (A, B) and
transformation least squared mean values (C, D) for the control (A, C) and drought (B, D)
populations.
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Supplementary Figures 4A-G: Boxplots displaying average control (black) and drought
stressed (blue) values for all measured belowground traits. A) root diameter, B) belowground
biomass, C) convex area D) maximum width, E) median root number, F) root depth, G) widthto-depth-ratio.
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Supplementary Figure 5: Genetic map following removal of heterozygous and duplicate
markers. Mapping position (in cM), is shown on the y-axis, and chromosome number is
displayed across the x-axis.
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Supplementary Figures 6A-F: Comparison of root system architecture (RSA) traits in A
and B orientations in the control population. RSA traits extracted from the A and B
orientations from Rhizivision Explorer were compared via Kruskal-Wallis test to determine if
there was any bias due to asymmetrical growth. A p-value less than 0.05 and/or small effect sizes
indicated minimal positional effects. A Orientation = brown, B Orientation = orange.
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Supplementary Figures 7A-F: Comparison of root system architecture (RSA) traits in A
and B orientations in the drought population. RSA traits extracted from the A and B
orientations from Rhizivision Explorer were compared via Kruskal-Wallis test to determine if
there was any bias due to asymmetrical growth. A p-value less than 0.05 and/or small effect sizes
indicated minimal positional effects. A Orientation = blue, B Orientation = gray.
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Supplementary Figure 8: Non-metric multidimensional scaling, paired with an analysis of
similarity, reveals clustering of belowground traits by treatment in the A/B Orientations. Control
= purple squares, Drought = black triangles.
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Supplementary Figure 9: Non-metric multidimensional scaling, paired with an analysis of
similarity, reveals clustering of belowground traits by treatment in the C Orientation. Control =
purple squares, Drought = black triangles.
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CHAPTER 6: CONCLUSIONS
Drought, having both climatic and anthropogenic origins, severely impedes plant growth and
development, ultimately impacting crop productivity (Turral et al., 2011, Van Loon et al., 2016,
USGCRP, 2017, Gupta et al., 2020). As reviewed in Chapter 2, a complex network of
morphological and physiological strategies are employed in response to drought that either
enhance water acquisition and/or prevent transpirational water loss, both working to maintain the
plant’s water status (Ali et al., 2009, Singh et al., 2010, Uga et al., 2013, Redillas et al., 2012,
Borrell et al., 2014, Johnson et al., 2014, Liu et al., 2014, Uga et al., 2015, Zhang et al., 2015,
Liang et al., 2016, Dinneny, 2019, Ndlovu et al., 2021). Additional physiological mechanisms,
such as hormone signaling, can contribute to drought resistance by modulating growth, triggering
stomatal closure, and inducing the expression of drought-responsive genes (Kalladan et al., 2017,
Kundu and Gantait, 2017, McAdam and Brodribb, 2018, Goche et al., 2020).
Although drought is transient, it can be experienced multiple times throughout a growing season.
To mimic these conditions in a greenhouse setting, two Sorghum bicolor accessions that vary in
the pre- and post-flowering responses to drought were exposed to repeated and prolonged
drought and rewatering, as described in Chapter 3. In this work, morphological and
physiological traits were quantified over developmental time to identify strategies associated
with long-term drought exposure, while modifications to plant vasculature were measured
following this prolonged exposure. Our findings revealed that growth-related and physiological
approaches both work to preserve hydraulic safety, but through different mechanisms. For
example, the pre-flowering drought tolerant accession, TX7078, maintained height and
transpiration rate near control levels and displayed a reduction in vascular bundle number.
Additionally, decreases in height and transpiration rate occurred in the pre-flowering drought
sensitive accession, BTx642; however, vascular bundle number was maintained at control levels.
There were no accession-specific changes to metaxylem area. Although the proportion of height
maintained was significantly different between these two accessions, TX7078 is naturally shorter
compared to BTx642, under both control and drought conditions. Transpiration rate was
maintained at or near control levels in TX7078, suggesting that its naturally shorter stature and
hydraulic path are inherently less prone to hydraulic damage (Cochard, 2002, Tang and Boyer,
2008). In contrast, the taller height and longer hydraulic path of BTx642 make this accession
more susceptible to xylem embolism. Thus, a modified transpiration rate was required in
BTx642 to impede conductance between the roots and the shoots, working to minimize the risk
of hydraulic damage (Tang and Boyer, 2008). Further, the maintenance of vascular bundle
number in BTx642 ensured the availability of usable xylem in the event that embolism formation
rendered some vessels non-functional, a redundancy not required in TX7078. Altogether, our
findings emphasized the tight control of stomatal aperture that is needed to minimize xylem
embolism risk when morphological and histological adaptations are insufficient.
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Following the identification of the strategies associated with long-term drought exposure in
Chapter 3, Chapter 4 aimed to discover the evolutionary origin of these responses via
quantitative trait loci (QTL) mapping. In this chapter, a Sorghum recombinant inbred line (RIL)
population, generated from a cross between domesticated S. bicolor (TX7000 inbred) and its
wild relative S. propinquum, was evaluated under drought stress. In addition to delineating the
genetic controls of both the osmotic and ionic phases of the salt stress response, this population
also provided the opportunity to explore genetic controls of drought tolerance selected during
domestication (Henderson et al., 2020, Hostetler et al., 2021). Eight QTL unique to the drought
population were detected for both morphological (aboveground biomass and height) and
physiological (relative water content, RWC and leaf temperature) traits. The additive effects for
the morphological QTL indicated that S. bicolor alleles enhanced aboveground biomass and
reduced height under stress conditions, highlighting the impact of grain Sorghum varieties (i.e.
TX7000) on drought-responsive phenotypes. Within these QTL, genes involved in reproductive
processes were identified. Gene products involved in these processes may promote early
flowering under drought, a common drought escape mechanism. The maintenance of grain yield
via early flowering is a drought-adaptive strategy likely resulting from domestication.
Physiologically, leaf temperature was increased by S. bicolor alleles in stress conditions, while
RWC was increased by S. propinquum alleles. These allelic effects reflect the variability in
belowground growth patterns between the parents of the RIL population that impact water
management under drought. For example, S. bicolor, with a modest root system, controls
transpirational water loss via induction of stomatal closure, as inferred from measurements of
leaf temperature. In contrast, S. propinquum controls water uptake, and ultimately RWC, due to
its extensive root system and enhanced water acquisition. Thus, both above- and belowground
responses impact water management through different species-specific strategies. Candidate
genes within these QTL, through their involvement in hormone signaling, may play roles in these
physiological water regulation processes. Not only are phytohormones important through their
impact on root development and water acquisition, but also through their influence on
aboveground responses, such as stomatal closure. Therefore, our findings stress the roles of
above- and belowground responses in regulating transpirational water loss and enhancing water
uptake through species-specific approaches.
The relationship between above- and belowground traits, particularly through hormone signaling
and water management as suggested in Chapter 4, encouraged the design of an experiment aimed
at uncovering the genetic controls of the belowground drought response (Chapter 5). Using the
same Sorghum RIL population and experimental design, five QTL unique to drought-responsive
traits were detected for root system architecture (RSA). The QTL detected for convex area,
maximum root system width, and width-to-depth ratio co-localized with a root biomass QTL
detected in this same population evaluated under salinity stress on chromosome four (Hostetler et
al., 2021). This suggested that these belowground traits share genetic control. Further, these RSA
traits were modified by the domesticated parent to favor vertical growth and biomass
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enhancement, indicating that S. bicolor is proficient at water uptake under both drought and
salinity stresses. Genes within these three drought-specific QTL play roles in root development
and hormone synthesis/recognition, likely contributing to the role of water acquisition and signal
transduction in drought resistance uncovered in Chapter 4. Within the two remaining droughtspecific QTL, we found genes that were associated with hormone signaling, specifically relating
to abscisic acid (ABA). For example, genes encoding pentatricopeptide repeat (PPR)-containing
proteins were discovered; PPR’s have established roles in ABA signaling in Arabidopsis, and
were also found to be up-regulated in response to drought and heat stresses in Sorghum (Johnson
et al., 2014, Jiang et al., 2015). Additionally, Late Embryogenesis Abundant-like (LEA) proteins,
which are induced upon exposure to ABA and osmotic stress and act as molecular chaperones,
were also identified within these QTL (Blackman et al., 1995, Tunnacliffe and Wise, 2007).
Altogether, these findings emphasize that S. bicolor alleles improve water acquisition through
control of root system reorganization in response to both drought and salinity stress and suggest
an essential role of hormone synthesis and signaling on drought-responsive gene expression and
physiological responses.
The work summarized above identified loci selected upon during domestication and
improvement that facilitated drought tolerance. As described in Henderson et al. 2020, tolerance
to salinity stress was found to be a product of domestication. As drought and salt stress both have
osmotic components, drought tolerance was also likely acquired via domestication. Further, S.
bicolor accessions from the landrace durra, such as TX7000, were found to be most tolerant to
osmotic stress (Henderson et al., 2020). The accessions used in Chapter 3, in addition to
displaying variable pre- and post-flowering responses to drought, are members of two different
landraces; BTx642 belongs to the durra landrace, whereas TX7078 is a member of the kafir
landrace (Menz et al., 2004). Therefore, the use of these accessions allowed for the
disentanglement of landrace-specific traits under drought, as they relate to domestication and
improvement in the same Sorghum species. Further, the RIL population used to QTL map
drought-responsive changes in above- and belowground traits in Chapters 4 and 5 provided the
opportunity to explore allelic and genetic controls derived from domestication. The positive
control of S. bicolor alleles on these traits, namely the maintenance of grain yield and
enhancement of water acquisition under drought, suggests that these are adaptive mechanisms
acquired during Sorghum domestication (Woodhouse and Hufford, 2019).
In summary, my dissertation work contributes to and expands upon species- and accessionspecific contributions to drought tolerance in an agriculturally important grain crop. Not only
does my dissertation work refine our current understanding of the mechanisms that control
drought responses over developmental time, but also sheds light on the histological mechanisms
associated with prolonged drought exposure, which are understudied in grasses. The findings of
this dissertation work suggest that morphological and physiological drought responsive strategies
may work independently to achieve the same long-term goal of preventing hydraulic damage.
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Additionally, my dissertation work demonstrates: 1) the impact of grain Sorghum varieties on
drought-responsive phenotypes, which preferentially maintain grain-related traits, and 2) the
influence of S. bicolor alleles on drought-responsive RSA modification, which favor downward
growth and enhance root biomass. The QTL detected in this work shed light on the roles of both
belowground (i.e. water acquisition) and aboveground (i.e. water loss prevention) droughtresponsive strategies from a domestication perspective. Therefore, our findings can be used in
breeding programs to enhance drought resistance and agronomic traits in Sorghum.
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